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11 Introduction
The development, evaluation and application of a number of analytical methods is
discussed over the course of this text. This ﬁrst chapter, however, serves solely to
provide the reader with the broader context and a general overview of this work.
For this purpose, the eﬀorts of the Belgian Nuclear Research Centre (SCK CEN),
towards the development of novel nuclear technologies, are discussed. Since this
work aims to make a small contribution to these ambitious endeavours, some
background information is essential in order to recognise why there is a speciﬁc
need for the analytical methods that have been developed. Furthermore, it will
become clear which issues had to be overcome and why the author resorted to
the techniques and instrumentation that were used in this work. Portions of
this introductory chapter have previously been published in Tindemans et al.1,2
1.1 Background and context
1.1.1 Anthropogenic climate change
Although still the subject of ongoing debate, anthropogenic climate change is
a widely accepted global phenomenon that has received increased attention in
the international media during recent years, especially in those countries which
made commitments under the Kyoto Protocol. Mitigating the eﬀects of global
warming, by limiting the rise in average temperature to no more than 2 ◦C,
demands decisive action in the coming decades.3,4 As such, reducing the emission
of greenhouse gasses, such as CO2, produced by e.g. the burning of fossil fuels,
will require eﬀort on a global level. At the same time, however, an ever increasing
demand for electrical power is expected, e.g. in the European Union.5 Since,
in that speciﬁc case, and as recently as 2012, the energy sector was already
responsible for nearly 80% of greenhouse gas emissions, the development and
deployment of innovative energy technologies will be essential if our environment
is to be safeguarded whilst adequate supplies of energy are maintained.6 Although
renewable and sustainable technologies such as wind and solar power will also have
an increasingly important role to play, nuclear power is still an important and
reliable low-carbon source of energy. Despite its controversial reputation, especially
in the wake of the Fukushima Dai-ichi accident, nuclear power provided as much
as 25% of the electricity consumed throughout the European Union in 2010.7 As
a result, it will most likely continue to play a pivotal role in the foreseeable future.
However, the development of novel nuclear technologies will be essential for ensuring
the sustainability and the continued social acceptance of nuclear power.8–11
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Figure 1.1: Indicative timeline for the deployment of nuclear ﬁssion reactors, from early Gen I prototypes
to current Gen II & III reactors and beyond.
1.1.2 Generation IV technologies
The fourth generation (Gen IV) of nuclear ﬁssion reactors is currently being devel-
oped, although these designs will most likely not come to fruition before 2030.12
In due time, however, these novel reactor designs will replace the second and
third generation (Gen II & Gen III) nuclear power plants that are currently being
constructed and operated throughout the world (see Figure 1.1). A framework
for international cooperation in research and into the development of the next
generation of nuclear energy systems, was established in the form of the Gen-
eration IV International Forum (GIF). The GIF identiﬁed four major areas of
improvement for Gen IV designs in its Gen IV technology roadmap. These areas
include (i) sustainability, (ii) safety and reliability, (iii) economic viability and
(iv) proliferation resistance and physical protection. Whilst Gen III designs were
essentially mere evolutions of existing Gen II technologies, innovative Gen IV
designs are expected to oﬀer some signiﬁcant changes in these areas. The six
most promising Gen IV technologies that were selected by the GIF for further
development are (i) the gas-cooled fast reactor, (ii) the molten salt reactor, (iii)
the sodium-cooled fast reactor, (iv) the supercritical-water-cooled reactor, (v) the
very-high-temperature reactor and ﬁnally (vi) the lead-cooled fast reactor.12–14
The lead-cooled fast reactor (LFR), the last-mentioned of the selected Gen IV
concepts, refers to Pb- or Pb/Bi-alloy-cooled fast neutron spectrum reactors oper-
ating in an advanced fuel cycle. Whilst heavy liquid metal (HLM) coolants were
already considered during the 1950s, e.g. in the former Soviet Union, for use in
nuclear propulsion systems in marine vessels, there has of late been a renewed
interest in this technology. Currently, a number of applications are proposed in the
conceptual designs of LFRs, including commercial electricity generation and minor
actinide management in a closed fuel cycle. The minor actinides Np, Am and Cm
contribute signiﬁcantly to the long term radiotoxicity of high-level radioactive
waste. Therefore, the management of these elements poses a critical issue in the
continued and sustainable use of nuclear power. In combination with partitioning
and recycling, transmutation of minor actinides could potentially reduce the re-
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Figure 1.2: Calculated ingestion radiotoxicity for 1 ton of spent fuel, based on an initial enrichment of
4.2% 235U and a burnup of 50GWd ton−1, produced from 7.83 ton natural U. (a) The spent fuel is
sent directly to a long-term repository, whereby the reference level is reached after more than 100 000 a.
(b) The reference level could be reached after as little 1000 a by partitioning and transmutation of minor
actinides. (Graphs reproduced from calculations published by Magill et al. 15)
quired storage time for high-level nuclear waste by several orders of magnitude
to as little as 1000 years (see Figure 1.2). However, their eﬃcient transmutation,
into shorter-lived or stable nuclides, is only feasible with a fast neutron spectrum
reactor. Aside from enabling the eﬃcient transmutation of minor actinides, a
fast neutron spectrum also allows for the conversion of fertile 238U into ﬁssile
239Pu by neutron capture. The total energy potential of natural U reserves could
thereby be increased by a factor of ca. 100. Another advantageous feature, albeit
speciﬁc to LFR designs, is the fact that Pb and Pb/Bi-alloys are relatively inert
towards both air and water. In addition, these HLM coolants are characterised by
several favorable thermophysical and neutronic properties. However, both types
of coolants have been found to be relatively corrosive towards structural steels,
which poses an important design challenge. In addition, radioactive contamina-
tion of the coolant, due to the production of the volatile and radiotoxic 210Po,
induced by neutron capture of 209Bi, will be of great concern, especially when a
Pb/Bi-alloy is considered as the reactor’s coolant rather than pure Pb. Further-
more, the crustal abundance of Bi may be insuﬃcient to support a widespread
use of Pb/Bi-alloy-cooled technologies. Even though Pb/Bi-alloys have lower
melting points than pure Pb, which would allow for lower operating temperatures,
resulting in a reduced corrosiveness towards structural steels, pure Pb has instead
been selected as the coolant of choice for Gen IV systems by the GIF.12–19
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1.1.3 The MYRRHA research reactor
The eﬀorts of SCK CEN towards the development of Gen IV nuclear ﬁssion reac-
tors have been consolidated in the MYRRHA project. This Multi-purpose hYbrid
Research Reactor for High-tech Applications (MYRRHA) has been in development
at the research centre since the 1990s, under cooperation with other European re-
search facilities. Once operational, it will serve as a source of protons and neutrons
for a variety of R&D applications. Although the MYRRHA research reactor will
not itself be a Gen IV reactor, it will be based on the use of HLM-cooled fast reac-
tor technology, which will enable it to contribute signiﬁcantly to the development
of LFRs and other Gen IV concepts. Initially, the MYRRHA research reactor will
serve as a proof of concept for nuclear waste transmutation by accelerator-driven
systems (ADS). Later on, MYRRHA will also serve as a multi-purpose irradiation
facility for various other R&D applications. As such, its task proﬁle will consist
of, but will not be limited to, (i) demonstrating the ADS concept, (ii) perform-
ing research on the safety of subcritical systems, (iii) conducting research on
the transmutation of minor actinides and long-lived ﬁssion products, (iv) per-
forming materials and fuel research for Gen IV concepts and other systems and
also (v) producing radionuclides for medical and industrial applications.20,21
MYRRHA has been conceived as a ﬂexible irradiation facility, able to operate
in subcritical, but also in critical mode. Initially, MYRRHA is intended to be
operated solely in subcritical mode, whereby insuﬃcient ﬁssile material will be
present in the reactor to allow for self-sustaining criticality. Therefore, an external
and continuous source of neutrons is required. A high-power proton accelerator,
bombarding a Lead-Bismuth Eutectic (LBE) spallation target, which is coupled to
an LBE-cooled fast core, fulﬁlls this role in the MYRRHA design. The high-energy
protons that impinge on the HLM target generate neutrons, which, in turn, sustain
the nuclear chain reaction in the core. An ADS is inherently safe and controllable,
even when the core is loaded with a substantial amount of minor actinides, whilst a
fast neutron spectrum enables the eﬃcient transmutation of those minor actinides.
Therefore, such systems are considered to be especially well suited for transmuting
minor actinides in high-level radioactive waste. Later on in MYRRHA’s life-
time, the proton accelerator and the spallation source will be decoupled, after
which the reactor will be operated as a critical LBE-cooled fast neutron irradiation
facility. The main focus will then shift to fuel and materials research for
Gen IV concepts and other advanced systems, such as fusion reactors.22–26
1.1.4 Lead-bismuth eutectic as MYRRHA’s primary coolant
As discussed in the previous section, the MYRRHA research reactor will employ
liquid LBE as its primary coolant and, in subcritical mode, also as its spallation
target. This Pb/Bi-alloy consist of ca. 45wt.% Pb and ca. 55wt.% Bi (see
Figure 1.3). Aside from its relative inertness to both air and water, in contrast to
e.g. Na, LBE possesses a number of additional favorable properties. Its high boiling
point (Tb ≈ 1670 ◦C) reduces the risk of core voiding due to coolant boiling whilst
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Figure 1.3: Phase diagram for the binary Pb/Bi system. This diagram shows a eutectic point at ca.
45wt.% Pb with a melting temperature of ca. 125 ◦C. (What is shown is a reproduction of the binary
phase diagram published in the ASM Handbook of 1992. 27)
its high heat of vaporisation and high thermal capacity provide thermal inertia in
case of a loss-of-heat-sink. From a radiation protection point of view, LBE shields
γ-rays whilst it is also able to retain both I and Cs, were these volatile ﬁssion
products to be released from the core in case of an accident. Furthermore, its low
neutron moderating power permits a fast neutron spectrum. Whilst the use of an
LBE coolant (Tm ≈ 125 ◦C) instead of pure Pb (Tm ≈ 327 ◦C) allows for lower
operating temperatures, thereby reducing the risk of corrosion, the innovative
nature of HLM-cooled fast reactors such as MYRRHA still poses considerable
challenges with regard to structural and fuel cladding materials performance.14,22
1.1.5 Selected high-alloy steels for the MYRRHA design
The austenitic stainless steels 316L and 15-15Ti have been well characterised for
use as structural materials in nuclear installations such as sodium-cooled fast
reactors (SFR). The ferritic-martensitic steel T91, in contrast, is a relatively newer
structural material for nuclear reactors, but it has a better creep resistance, a
better swelling resistance and a higher thermal strength than the aforementioned
austenitic steels. However, conditions within the MYRRHA reactor will be
harsher than in existing installations. The heavy liquid metal (HLM) coolant is
highly corrosive under certain conditions and may also aﬀect a steel’s mechanical
characteristics. Furthermore, the envisaged operating temperature range for
MYRRHA is lower than for an SFR and some of its components will be exposed to
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both proton and neutron irradiation. Nonetheless, currently available and already
qualiﬁed industrial steels (T91, 316L and 15-15Ti) are being considered for use as
structural and fuel cladding materials, rather than developing innovative materials.
These three existing materials were chosen, in part, because MYRRHA is intended
to be fully operational within less than a decade and because it was anticipated
that these particular steels would exhibit some resistance to the corrosive nature
of the LBE coolant. The austenitic stainless steel 15-15Ti has been selected as a
fuel cladding material, whilst the ferritic-martensitic steel T91 has been selected
for the wrapper of the fuel assembly, the core support plate and the spallation
target window. For most other major components, such as the reactor vessel and
the heat exchangers, the austenitic stainless steel 316L has been selected.28–30
1.2 Aims and objectives
1.2.1 Trace analysis of LBE and high-alloy steels
Trace and minor elements may improve or deteriorate a steel’s corrosion resistance
or its mechanical characteristics, such as hardness. Conversely, impurities in an
LBE coolant may also aﬀect the severity of its corrosive nature towards these
high-alloy steels. Aside from the impurities inherent to Pb/Bi-alloys, corrosion
and erosion products may also be taken up by liquid LBE, during normal reactor
operation. Precipitation of any of the minor constituents of the LBE coolant,
in colder parts of a cooling circuit, may cause ﬂow blockages or instabilities, or
otherwise hamper reactor operation. Furthermore, radiotoxic nuclides may be
produced by the activation of ultra-trace, trace, minor or matrix elements in the
high-alloy steels and LBE coolant. The resulting contamination, of either the steel
alloys or the liquid LBE, due to exposure to neutron radiation, could then e.g. have
implications with regard to reactor decommissioning. In addition, there is a risk
of ﬁssion products ending up in the LBE coolant in case of a fuel cladding rupture.
The accurate and precise multi-elemental trace analysis of high-alloy steels and LBE
is therefore of great importance, both in the design phase, as well as during routine
reactor operation. The results of these analyses can then e.g. be used in source
term calculations or to monitor the corrosion rate of high-alloy steels. To this end,
and as the ﬁrst major objective of this PhD research project, analytical methods
were sought for the determination of trace and ultra-trace elements in LBE and
three types of corrosion-resistant steel alloys (T91, 316L, 15-15Ti).22,31–33
1.2.2 Isotopic analysis of nuclear fuels
In contrast to the ﬁrst objective, the second objective did not stem directly from
SCK CEN’s eﬀorts towards the development of the MYRRHA research reactor.
Management of spent nuclear fuel has always been an important issue in the
nuclear industry, in which a nuclear criticality safety analysis play an important
role. The eﬃcient and cost-eﬀective handling of irradiated fuels requires one to
take into account a fuel’s reactivity reduction, resulting from the burning of that
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fuel’s ﬁssile material as well as from the buildup of neutron poisons within. The
determination of this so-called burnup credit makes it possible to adopt responsibly
a less conservative approach to the storage, reprocessing and transport of spent
fuel. In essence, the result is that more, and more highly enriched, spent fuel
may be kept per unit volume without compromising safety. To ensure that an
adequate criticality safety margin is maintained, however, highly accurate cal-
culation methods are essential. Development and validation of such computer
models, used to calculate the fuel’s isotopic composition, requires experimental
assay data to be available. For such purposes, spent fuel samples are already
analysed routinely at SCK CEN. Furthermore, for research into novel fuels and
into the transmutation of minor actinides, at the MYRRHA facility, similar types
of analyses will be required. Currently, at SCK CEN, such analytical assays are
carried out by means of Multi-Collector Thermal Ionisation Mass Spectrometry
(MC-TIMS) and various radioanalytical counting techniques. The second objec-
tive of this PhD research project was to evaluate the capabilities of Inductively
Coupled Plasma-Mass Spectrometry (ICP-MS), for the isotopic analysis of nuclear
fuels, to add to the set of currently available analytical methodologies.34,35
1.2.3 Capabilities of sector-ﬁeld ICP-mass spectrometry
ICP-MS is a highly-sensitive isotope-selective analytical technique, which combines
the multi-elemental capabilities of Inductively Coupled Plasma-Optical Emis-
sion Spectrometry (ICP-OES) with detection limits that surpass even those
associated with Graphite Furnace Atomic Absorption Spectrometry (GFAAS).
Therefore, this technique is an ideal candidate for the multi-elemental trace
analysis of a wide variety of samples, including Pb/Bi-alloys and high-alloy
steels. Furthermore, in addition to mere elemental concentrations, the eas-
ily interpretable atomic mass spectra also provide isotopic information. The
latter allows for the isotopic analysis of various types of samples, including
spent nuclear fuel, but also permits the use of Isotope Dilution (ID) for high-
accuracy elemental analysis. Whilst samples are usually introduced into the
instrument in liquid form, ICP-MS instruments can also be combined with solid-
sampling devices (e.g. laser ablation). Furthermore, an ICP-MS can be cou-
pled to a variety of separation techniques (e.g. liquid chromatography), whereby
the ICP-MS instrument is operated as a detector in a hyphenated setup.36,37
Although the vast majority of ICP-MS instruments that have been sold world-
wide are Quadrupole Inductively Coupled Plasma-Mass Spectrometers (ICP-QMS),
the mass resolution of traditional quadrupole mass ﬁlters is inadequate to re-
solve spectral interferences. Such spectral interferences are a general term for
an amalgam of diﬀerent types of interfering species that are typically subdivided
in three separate categories. Firstly, isobaric interferences arise when nuclides
of two or more elements have the same nominal mass (e.g. 54Fe+ 54Cr+).
Luckily, at least for samples of natural isotopic composition, the vast majority of
elements have at least one nuclide free from isobaric interference. Secondly, multi-
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ply charged ions for which the nominal mass-to-charge ratio coincides with that of
a singly charged analyte ion may also be problematic (e.g. 206Pb2+ 103Rh+).
However, the formation rate of doubly or triply charged ions is usually very low,
whereby only those originating from matrix constituents are of great concern.
Thirdly, polyatomic species may originate from a number of diﬀerent sources,
including the plasma gas, the entrained air, the sample matrix or other ana-
lytes (e.g. 140Ce16O+ 156Gd+). This last class of interfering species is often
considered to be the most problematic, as their occurrence is less predictable,
especially when analytes are accompanied by a complex matrix.38,39
In contrast to early quadrupole ICP-MS instruments, double-focusing Sector-
Field Inductively Coupled Plasma-Mass Spectrometers (ICP-SFMS) allow for
many of these polyatomic spectral interferences to be overcome in an elegant and
straightforward manner. This is achieved simply by increasing the instrument’s
mass resolution, which is often deﬁned as the ratio of an ion’s mass versus its
corresponding peak’s width at 5% of the peak’s height (R−m/∆m). Typically, res-
olutions ranging from ca. 300 to ca. 10 000 are available on commercial ICP-SFMS
instruments, although it should be noted that the sensitivity of such instruments
decreases signiﬁcantly with increasing resolution. Alternatively, an instrument’s
resolving power may be expressed by means of the equivalent 10% valley deﬁnition,
for two neighboring symmetrical peaks of equal height, or by the peaks’ full width
at half maximum (FWHM). In addition to providing access to higher resolution
modes, ICP-SFMS instruments are typically characterised by a higher sensitivity
and a lower background than commercially available ICP-QMS instruments. As
a result, instrumental detection limits in the ngL−1 range and below have been
reported in the literature. However, detection limits are often not limited by
instrumental sensitivity or instrumental noise. Instead, detection limits are gener-
ally governed by contamination of blanks by reagents (e.g. high-purity mineral
acids), laboratory equipment (e.g. digestion vessels), the instrument’s very own
sample introduction system (e.g. glass components) or through memory eﬀects
(i.e. carryover from previous samples). Therefore, caution must be taken during
sample preparation, and reagents and materials must be selected carefully. Aside
from being well suited for ultra-trace elemental analysis, ICP-SFMS may also be
employed for isotopic analysis. As a result of the ﬂat-top peaks in the mass spectra,
typical for ICP-SFMS instruments operating in their lowest resolution modes,
an optimum isotope-ratio precision of ≤0.05% RSD is reportedly attainable.38,40
The radiochemical analysis expert group at SCK CEN has one such ICP-
SFMS instrument at its disposal, a nuclearised Element 2 (Thermo Scientiﬁc,
Germany), which was used throughout this work. This particular instrument
has been modiﬁed for use with a stainless-steel nuclear glovebox by the man-
ufacturer, which will permit analysis of irradiated samples in the future (e.g.
irradiated LBE or spent fuel). Whilst all experiments described in this work have
been carried using cold samples, the use of an instrument coupled to a stainless-
steel glovebox did prohibit the extensive use of HCl during sample preparation.
Since the stainless-steel components of this glovebox are susceptible to corrosion
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Figure 1.4: Atomic mass spectra for a 4µgL−1 multi-element standard solution, in the low and medium
resolution modes of an Element2 ICP-SFMS. (a) A high sensitivity and a low background result in
extremely low detection limits, whilst its ﬂat-top peaks allow for an excellent precision. The spectrum
does not only provide elemental information, but also yields an isotopic ﬁngerprint. (b) Many of the
frequently occurring polyatomic spectral interferences are easily resolved in the instrument’s medium
resolution mode, albeit with reduced sensitivity and triangular peaks.
by prolonged exposure to HCl vapours, its use may result in sporadic contam-
inations or a permanent increase in the chemical blank of elements such as Fe
and Cr (i.e. the main components of stainless-steels). Two mass spectra which were
obtained with this instrument are presented in Figure 1.4, demonstrating its low
(R = 300) and medium (R = 4000) resolution operating modes. In addition, a high
(R = 10 000) resolution mode is also available. The relevant analytical challenges
for elemental and isotopic analysis by means of ICP-SFMS will be discussed in
the following two sections, respectively, whilst a more extensive overview of the
principles and important considerations of the technique is given in Chapter 2.
1.2.4 Elemental analysis of LBE and high-alloy steels
Although most of the frequently occurring spectral interferences can be resolved
with an ICP-SFMS instrument, non-spectral interferences cannot be dealt with
so easily. Non-spectral interferences have been described extensively in the lit-
erature, but, as of yet, no single approach has been proposed to systemically
eliminate all of these so-called matrix eﬀects. Furthermore, the impact of these
matrix eﬀects may be hard to predict a priori or even to correct for a pos-
teriori. Several strategies may be considered to eliminate or to minimise the
occurrence of matrix eﬀects, approaches which are discussed more thoroughly in
Section 2.9.2. One of these strategies entails selectively isolating the analytes
from the matrix elements, by means of an oﬄine chemical separation procedure.
Some of the separation techniques that are often employed include precipitation,
co-precipitation, liquid-liquid extraction, cloud-point extraction and column chro-
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matography. In this work, ion-exchange and extraction chromatography were
considered. Most often, a single target element is extracted from a complex
multi-element matrix, by means of highly selective resins. In this case, however,
we sought to identify resins that were capable of retaining a limited number of
matrix elements, whilst exhibiting little to no aﬃnity for a large number of target
elements. The selection process of the chromatographic resins to be used for the
multi-elemental trace analysis of high-alloy steel and LBE samples, is discussed
in Chapters 4 and 5, respectively. A critical evaluation of the analyte/matrix
separation procedures that were developed over the course of this research project
is also provided in these chapters, along with results of their application to ac-
tual samples. It should be noted that the use of an analyte/matrix separation
procedure has multiple beneﬁts, as both matrix-induced polyatomic spectral inter-
ferences and memory eﬀects are also eliminated. The latter is especially practical
when a nuclearised ICP-SFMS instrument is used, where routine maintenance to
alleviate such memory eﬀects is more problematic and time-consuming.41
1.2.5 Isotopic analysis by means of ICP-SFMS
For commercially available ICP-SFMS instruments, like SCK CEN’s Element2, the
optimum isotope ratio precision has been reported to be ≤ 0.05% RSD. This value
is relatively modest compared to the ≤ 0.01% RSD that is routinely reported
for modern MC-TIMS instrumentation. In a multi-collector design, multiple
detectors are employed instead of a single one, whereby multiple isotopes can be
detected and quantiﬁed simultaneously rather than sequentially. Simultaneous
detection of isotopes eliminates classical sources of uncertainty, associated with
sequential measurements, which results in state-of-the-art isotope-ratio precisions.
Although MC-TIMS was long considered to be the analytical technique of choice
for the determination of isotope-ratios, e.g. for U−Pb dating in geochronology,
the development of Multi-Collector ICP-SFMS instruments (MC-ICP-SFMS)
has since bridged the gap between both techniques. Precisions as low as ca.
0.002% RSD have been reported for MC-ICP-SFMS, values which are on par with
those of MC-TIMS. Further still, as its precision and accuracy are comparable
to that of MC-TIMS, the use of MC-ICP-SFMS is sometimes even preferred
for speciﬁc applications. Some of its advantageous features include (i) a higher
sensitivity resulting in lower detection limits, (ii) less restrictions with regard
to an analyte’s ﬁrst ionisation potential, (iii) a higher sample-throughput and
(iv) a reduced need for time-consuming sample preparation procedures.38,42–44
Even though the isotope ratio precision of single-collector ICP-SFMS instru-
ments was expected to be inferior to that of MC-TIMS instruments, the afore-
mentioned advantageous features of MC-ICP-SFMS instruments still hold true to
some extent for single-collector instruments. Keeping in mind that SCK CEN’s
MC-TIMS instrument is an ageing Sector 54 (VG Elemental, UK), ﬁrst introduced
in 1987, the Element2 ICP-SFMS may still be regarded as ﬁt-for-purpose for the
isotopic analysis of certain types of samples. An evaluation of the nuclearised
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Element2 ICP-SFMS’s performance, with regard to isotopic analysis, is given
in Chapter 6. In addition, the instrument’s performance, in terms of isotope
ratio precision, is compared to that of the Sector 54 MC-TIMS instrument.

13
2
Inductively coupled plasma-
mass spectrometry
The analytical methods that were developed in the context of this work are
based on the use of double-focusing Sector-Field Inductively Coupled Plasma-Mass
Spectrometry (ICP-SFMS). Therefore, this second chapter is devoted mainly
to the operating principles and components of commercially available ICP-MS
instrumentation. The basic concept of this type of instrumentation was already
conceived during the late 70’s and early 80’s, e.g. by Houk at Iowa State University.
To date, following the initial introduction of the ELAN 250 (Sciex, Canada) in 1983
and the PlasmaQuad (VG Instruments, UK) in 1984, over 10 000 of these systems
have been installed worldwide. The vast majority of the ICP-MS instruments that
have been sold have been equipped with a quadrupole mass ﬁlter, as were the
aforementioned pioneering designs, with ICP-SFMS instruments constituting less
than 10% of all sales. The ﬁrst of these ICP-SFMS instruments, the PlasmaTrace
(VG Elemental, UK), was introduced in 1989, a few years after the ﬁrst Quadrupole
Inductively Coupled Plasma-Mass Spectrometers (ICP-QMS). The modern day
Element2 (Thermo Scientiﬁc, Germany) ICP-SFMS used throughout this work
was itself introduced in 1998, this instrument being an improved version of the
Element (Finnigan MAT, Germany) which had ﬁrst become available in 1994.
Following the publication of the seminal paper by Houk et al. and the introduction
of the ﬁrst generation of ICP-MS instruments in the 80’s, the technology has
evolved signiﬁcantly, whilst a larger number of manufacturers is currently active
in the ﬁeld. As each of these manufacturers approaches the challenges associated
with designing an ICP-MS in a diﬀerent manner, only the most basic of principles
for each of the major components of an ICP-MS instrument are discussed. As such,
a non-exhaustive overview of approaches is given, whilst delving too deeply into
speciﬁc design choices is largely avoided. Before describing the operating principle
and the components of a typical ICP-MS instrument, an overview of the advantages
and disadvantages of this state-of-the-art technique is presented below.36,37,39,45,46
2.1 Strengths and weaknesses
Since its inception more than thirty years ago, the popularity of ICP-MS in-
strumentation has steadily increased. Today, it is a benchmark mass spectro-
metric technique for the ultra-trace and isotopic analysis of a wide variety of
samples, e.g. in environmental and life sciences and in geo- and cosmochem-
istry. Its advantageous features include (i) a high sample-throughput, combined
with multi-elemental capabilities, (ii) a high sensitivity and a low background
resulting in ngL−1 detection limits for many elements, (iii) mass spectra that
14 Chapter 2. Inductively coupled plasma-mass spectrometry
are easily interpretable and which provide both elemental and isotopic informa-
tion, (iv) a wide dynamic linear range of up to > 108 and ﬁnally (v) predictable
relative elemental sensitivities, which permit straightforward semi-quantitative
analysis. In addition, even though the standard conﬁguration typically only al-
lows for the analysis of liquid solutions, solid-sampling techniques may also be
readily coupled to an ICP-MS instrument, e.g. Laser Ablation (LA) and Elec-
troThermal Vaporisation (ETV). Furthermore, an ICP-MS instrument may be
coupled, online, in a hyphenated setup, to various chromatographic separation
techniques, e.g. High-Performance Liquid Chromatography (HPLC) and Gas Chro-
matography (GC). In this way, an ICP-MS instrument can be used as a highly
sensitive and element-selective detector in elemental speciation studies.37,47–53
Despite the aforementioned advantages, there are still some important limi-
tations which should be taken into consideration. Perhaps the most important
issue is the frequent and sometimes unpredictable occurrence of spectral and
non-spectral interferences, issues which are discussed more thoroughly in Sections
2.9.1 and 2.9.2, respectively. Furthermore, ironically as a result of two of its most
important advantages, a high sensitivity and low native background, the risk of
contamination is of greater concern for ICP-MS than for many other techniques.
These contaminations not only limit the attainable detection limits, but may
also hamper the accuracy and precision of isotope ratio measurements. Such
contaminations may arise from the use of certain reagents (e.g. S in high-purity
mineral acids), laboratory equipment (e.g. Si from a glass digestion vessel), the
instrument itself (e.g. Ni from the skimmer and sampling cone), through memory
eﬀects (i.e. carry-over from previous samples) and even from the analyst or the
surrounding laboratory environment. Therefore, extreme caution must be taken
during sample preparation procedures and subsequent measurements, whilst the
required reagents and materials must be selected carefully a priori. In addition,
for multi-elemental analysis by means of ICP-MS, sample-throughput is somewhat
limited by the fact that most instruments are equipped with a single detector only,
whereby nuclides have to be measured sequentially. More important, however, is
the fact that sequential measurements limit the isotope ratio precision attainable
due to short-term ﬂuctuations in instrumental response. Lastly, operating an
ICP-MS instrument is often still viewed as being rather complex, compared to
e.g. operating an ICP-OES instrument, although instrument manufacturers have
striven to make the instruments’ software and hardware more user-friendly in
contemporary designs. Lastly, the acquisition and running costs of an ICP-MS
instrument are typically higher compared to e.g. GFAAS instruments.36,37,40
2.2 Operating principle
Every mass spectrometric system essentially combines a number of key components
including (i) a source of ions, (ii) a mass analyser able to separate the ions according
to their mass-to-charge ratios and ﬁnally (iii) a detector to measure the intensity
of the ion beam that is directed towards it by the mass analyser. In addition,
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as the mass analyser and the detector usually operate at very low pressures, a
high-vacuum pump system is also required. Moreover, an additional system is
needed to register and record the detector’s signal output (i.e. a computer for
modern-day equipment). Whereas these last two components are also vital parts
of any mass spectrometer, they are not discussed in the remainder this text.54
In the standard conﬁguration of an ICP-mass spectrometer, a ﬁne aerosol is
ﬁrst generated from a liquid sample, by means of a nebuliser. The ﬁnest droplets
of this aerosol are then selected by means of a spray chamber, whereafter they are
injected into an inductively coupled plasma (i.e. the ion source for this particular
type of instrument). The aerosol droplets are dried as they travel through the
plasma, after which their constituents are ﬁrst evaporated and then atomised. Once
these atoms reach the hottest zone of the plasma, they exist primarily as excited
atoms and positively charged ions. The positively charged ions are then directed
towards the mass analyser, ﬁrst through an interface and then via a series of
electrostatic lenses. Such an interface is essential, since the mass analyser operates
under high-vacuum (10−7 - 10−8mbar) at room temperature, whereas the plasma
operates at atmospheric pressure at very high temperatures (5000 - 10 000K). The
main purpose of the ion transfer optics, which are positioned behind the interface,
is to collect the analyte ions and to shape and direct the ion beam towards the mass
analyser’s high-vacuum region via an intermediate vacuum chamber. In addition,
it ought to prevent photons and neutral species from reaching the detector. The
mass ﬁlter then serves to ﬁlter out all the non-analyte ions, whilst steering the
remaining ones towards one or multiple detectors. As the analyte ions impinge
onto a detector, they generate an electronic signal which can be recorded. A
schematic representation of an ICP-MS instrument is provided as Figure 2.1.36,55
Figure 2.1: Schematic representation of a typical ICP-MS instrument. In this case, the sample
introduction system consists of a peristaltic pump, a concentric nebuliser and a double-pass Scott-type
spray chamber. The mass analyser shown is a quadrupole mass ﬁlter, whilst an electron multiplier serves
as the instrument’s detector. Photons are prevented from reaching the detector by placing the mass
analyser and detector oﬀ-axis with respect to the interface. 40
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2.3 Sample introduction systems
A number of approaches have been conceived for introducing either liquid or solid
samples into an ICP. Initially though, ICP-MS instrumentation was used solely for
the analysis of liquid solutions, as was the case in this research project. The liquid
sampling techniques, in particular those that were used throughout this work, are
therefore the main subject of this section. Whereas several sample introduction
systems have since been developed for handling solid samples also, they are not
discussed in great detail. Although a multitude of approaches can be considered
for introducing liquid solutions into the ICP, most of them essentially operate
under the same principle. Firstly, the sample solution is transported towards
the nebuliser, usually by means of a peristaltic pump. Then, that nebuliser
is used to generate a ﬁne aerosol from the liquid sample. Finally, the ﬁnest
droplets of the aerosol are selected by means of a spray chamber and transported
downstream to the ICP. The types of nebulisers and spray chambers that were
used throughout this work are described below, followed by an overview of other
widely used commercially available designs. Furthermore, an outline of alternative,
commercially available, sample introduction techniques is also given.36,56,57
2.3.1 Nebulisers
As previously mentioned, the main function of the nebuliser is to generate an
aerosol from a liquid sample solution. For pneumatic nebulisers, this aerosol is
produced by the pneumatic action of a so-called nebuliser gas, usually Ar ﬂowing
at ca. 1Lmin−1, onto the liquid sample. The sample solution itself is usually
pumped towards the nebuliser by means of a peristaltic pump at a rate of 0.1 to
1mLmin−1. Although some nebuliser designs can operate without the use of a
peristaltic pump, the use of one prevents clogging and ensures a constant ﬂow
rate, irrespective of the sample’s physical characteristics (e.g. viscosity). The most
commonly used pneumatic nebulisers are of concentric or cross-ﬂow design.56,58
2.3.1.1 Concentric nebulisers
A schematic diagram of a concentric nebuliser is provided as Figure 2.2a, whilst an
actual PFA concentric nebuliser is shown in Figure 2.2b. Such nebulisers consist
of a narrow capillary centred in the middle of a wider cylindrical body; both
components usually being constructed from either glass or a synthetic polymer (e.g.
PFA). The external body converges to a narrow nozzle near the end of the capillary,
leaving a thin annulus between itself and the capillary. Whilst the liquid sample
solution is pumped through the inner capillary, the nebuliser gas is forced through
the annulus, the latter creating an area of high velocity and low pressure at the
end of the nebuliser’s tip. As a result of the pneumatic action of the high-velocity
nebuliser gas, the liquid solution is broken up into small droplets and thus the
sample aerosol is created. This so-called primary aerosol travels at high speed, is
highly turbulent and contains variably sized droplets as large as 100 µm. Therefore,
the use of a spray chamber is required, prior to introducing the aerosol into the
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(a) Schematic diagram of a concentric nebuliser. 37 (b) PFA concentric nebuliser.
Figure 2.2: Concentric nebulisers.
plasma. Concentric nebulisers generally provide a good sensitivity and stability,
although the narrow capillary and thin annulus are prone to blockage problems.
Whereas this type of nebuliser can aspirate a sample freely, as a result of the Venturi
eﬀect at the tip of the nebuliser, pumping the sample reduces the risk of blockages
and increases long-term stability. A more recent evolution of this design, the
µ-ﬂow concentric nebuliser, operates essentially under the same principle. However,
these µ-ﬂow nebulisers are smaller and often constructed from corrosion-resistant
polymer materials instead of glass. Thus, they are designed to handle smaller
volumes whilst being highly suited for the analysis of corrosive samples.56,59,60
2.3.1.2 Alternative nebulisers
Other popular pneumatic designs include Babington-type nebulisers and the
cross-ﬂow nebuliser. In the case of Babington-type nebulisers, the aerosol is
generated by forcing the nebuliser gas through a small oriﬁce, over which a thin
ﬁlm of sample is allowed to ﬂow. In a cross-ﬂow nebuliser design, the nebuliser
gas ﬂows perpendicularly to the sample ﬂow, instead of ﬂowing in parallel. As
with the concentric design, however, free aspiration of the sample solution is still
an option. Lastly, in this non-exhaustive overview, ultrasonic nebulisers are also
commonly used. In contrast to the previously mentioned pneumatic nebulisers,
these harness the energy of acoustic waves for producing an aerosol.56,59,60
2.3.2 Spray chambers
The main purpose of a spray chamber is to select the ﬁnest droplets of an aerosol,
produced by the nebuliser, before introducing them into the ICP. Eliminating
the larger droplets is essential because the residence time of droplets in the
plasma is only 1 - 2ms, during which time only the ﬁnest droplets (< 10 µm) are
handled eﬃciently by the plasma. The function of a spray chamber is two-fold,
however, as it also serves to smooth out rapid ﬂuctuations in the aerosol ﬂow.
Such ﬂuctuations may be induced e.g. by the rollers of the peristaltic pump and
can have a negative impact on the precision. To improve the long-term thermal
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stability, a spray chamber may be cooled externally to ca. 2 to 5 ◦C. This has
the added beneﬁt of reducing the solvent load of the plasma, resulting e.g. in
a reduction of matrix eﬀects and oxide-based spectral interferences. The most
commonly used spray chambers are of double-pass Scott-type or cyclonic design,
although a design incorporating both these types is also described below.37,56,61
2.3.2.1 Double-pass Scott-type spray chamber
A schematic diagram of a double-pass Scott-type spray chamber is shown in
Figure 2.3a, whilst a PFA spray chamber of this type is shown in Figure 2.3b.
In addition, a water-cooled glass implementation of the design is shown in
Figure 2.3c. Double-pass Scott-type spray chambers consist of two concen-
tric cylinders, usually made of glass, quartz or a synthetic polymer. The pri-
mary aerosol is ﬁrst forced through the inner cylinder, at the end of which
it is forced to make a 180° turn, whereafter it is directed through the an-
nulus between the outer and inner cylinder. As the aerosol is transported
through the spray chamber it becomes heavily modiﬁed, due to a variety of
complex processes taking place. The net result, however, is that the smallest
droplets have a higher probability of reaching the end of the second, outer,
cylinder. The modiﬁed aerosol is then, in turn, introduced into the plasma.56,60
2.3.2.2 Cyclonic spray chamber
A glass cyclonic spray chamber is shown in Figure 2.3d. In this design, the
nebuliser is connected tangentially to a single circular compartment, whereby
the aerosol is forced to follow a circular path in the spray chamber. The larger
droplets in the aerosol have a higher probability of colliding with the wall, as a
result of centrifugal forces. The smaller droplets, which are fully entrained by the
vortex, however, are carried further to the plasma by the nebuliser gas ﬂow.56,59,60
2.3.2.3 Dual cyclonic/Scott-type spray chamber
A dual cyclonic/Scott-type spray chamber is depicted in Figure 2.3e, this being a
design in which a cyclonic and a vertical double-pass Scott-type spray chamber
are integrated. In this arrangement, the primary aerosol is ﬁrst introduced
into and then modiﬁed by a cyclonic spray chamber, after which it is further
homogenised in a double-pass Scott-type spray chamber. The aerosol that emerges
from the second chamber produces a very stable signal, making this type of spray
chamber particularly suitable for the determination of isotope amount ratios.
2.3.2.4 Alternative spray chambers
A single-pass spray chamber, equipped with an impact bead, onto which the largest
droplets of the aerosol adhere, has also been used. However, this type of spray
chamber is no longer commonly used on modern ICP-MS instrumentation.56,60
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(a) Schematic diagram of a concentric nebuliser introducing an aerosol into a double-pass
Scott-type spray chamber and the aerosol modiﬁcation processes taking place thereafter. 60
(b) PFA double-pass Scott-type
spray chamber. 62
(c) Glass double-pass Scott-type spray
chamber with a cooling jacket. 63
(d) Glass cyclonic spray chamber. 64 (e) Quartz dual cyclonic/Scott-type
spray chamber. 65
Figure 2.3: Overview of spray chambers.
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2.3.3 Alternative introduction systems
For speciﬁc demanding applications, additional types of sample introduction tech-
niques are available to the analyst. These non-standard, more complex, approaches
include the use of e.g. membrane desolvation and chemical vapour generation sys-
tems. In addition, as previously mentioned, an ICP-MS instrument can be hyphen-
ated with various separation techniques such as e.g. HPLC and GC. Conversely, for
the direct analysis of solid samples, e.g. LA and ETV are available.37,56,66–69
2.4 The inductively coupled plasma
An ICP-mass spectrometer’s ion source is usually an Ar-based plasma, which is
a macroscopically neutral high-temperature gaseous mixture of highly excited
electrons and various charged, metastable and neutral Ar species. Although
other types of plasmas have also been considered, e.g. Direct Current Plasmas
(DCP) and Microwave-Induced Plasmas (MIP), Inductively Coupled Plasmas
(ICP) are currently the most widely adopted ion source in analytical atomic
and emission spectrometry. Using Ar to generate this type of plasma is bene-
ﬁcial for a number of reasons, e.g. as a consequence of its chemical inertness.
In addition, it is available in highly-puriﬁed form, whilst being relatively inex-
pensive, as it is the most abundant of the noble gasses. Moreover, as a result
of Ar’s high ﬁrst ionisation energy (15.76 eV), the plasma is capable of exciting
and ionising the vast majority of the elements in the periodic table.37,49,59,60,70
An ICP is generated at the end of a so-called plasma torch (see Figure 2.4a),
which consists essentially of three concentric tubes, each one supporting a diﬀerent
gas ﬂow. These three tubes are usually made of quartz and the torch can be
either one-piece or fully or partially demountable. The Ar that ﬂows tangentially
between the outer and the middle tube is often called the plasma gas, which
both fuels the ICP and shields the outer tube from the plasma’s heat to prevent
melting. The gas that ﬂows tangentially between the middle and the inner tube
is, in turn, referred to as the auxiliary gas. The purpose of this second gas ﬂow
is to position the base of the plasma away from the middle and inner tubes,
again to prevent the torch from melting. The inner injector tube is used to
introduce the nebuliser gas, which, in the standard conﬁguration, carries the
sample aerosol originating from the spray chamber, into the plasma.37,60,70
Power is supplied to the ICP by means an oscillating magnetic ﬁeld, which
is induced by applying Radio Frequency (RF) energy to a cooled copper load
coil that envelops the top end of the torch (see Figure 2.4a). Initially, the ICP
is ignited by seeding the ﬂowing plasma gas with free electrons, in the vicinity
of the load coil, e.g. by applying a high-voltage spark. These free electrons
are then accelerated by the alternating magnetic ﬁeld, after which they may
collide with neutral Ar atoms, producing even more free electrons. These are,
in turn, also accelerated by the oscillating magnetic ﬁeld, resulting in a cascade
of collision-induced ionisations. This chain reaction is then maintained through
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(a) Schematic representation. 71 (b) Photo. 72
Figure 2.4: (a) Schematic representation of the ICP that is formed at the end of a plasma torch. The
nebuliser gas punches a hole through the toroidal plasma’s weak base, whereby the sample aerosol is
transported through the preheating zone (PHZ), the initial radiation zone (IRZ) and ﬁnally the normal
analytical zone (NAZ). (b) A photograph of a typical intensely-bright teardrop-shaped plasma.
inductive coupling, sustaining a bright teardrop-shaped plasma (see Figure 2.4b),
for as long as RF energy is supplied to the inductive load coil.43,49,59,70
The nebuliser gas, ﬂowing through the injector tube of the plasma torch,
eﬀectively punctures a hole through the centre of the ICP, thereby carrying the
sample aerosol through the plasma to regions where temperatures in excess of
5000K reign (see Figure 2.4a). Perforation of the ICP by the nebuliser gas is aided
by the tangentially ﬂowing plasma and auxiliary gasses. These tangential gas ﬂows
weaken the ICP’s base and promote the formation of a toroidal plasma, with a
central channel through which the sample aerosol can be transported. This central
region is mainly heated by thermal conduction, convection and radiation since
most of the RF energy is inductively coupled to the outer regions of the plasma
discharge. As the aerosol droplets are transported towards the analytical zone
of the plasma, they undergo a series of changes. Firstly, in thePreHeating Zone
(PHZ), the aerosol droplets are desolvated and the resulting particles vaporised.
Then, molecular compounds are dissociated and the sample’s constituents are
atomised in the Initial Radiation Zone (IRZ). Finally, the individual atoms are,
at least partially, ionised in the Normal Analytical Zone of the ICP (NAZ).37,59
Ionisation of the sample’s elemental constituents in an Ar-based plasma can
occur via a number of diﬀerent mechanisms, which to date have not yet been
fully elucidated, the most dominant of which probably being (i) ionisation in-
duced by collisions between ions, atoms and free electrons in the plasma (e.g.
electron impact). Other proposed mechanisms include (ii) Penning ionisation
by metastable Ar-species and (iii) charge-transfer reactions with Ar-ions. Since
virtually all elements have a ﬁrst ionisation energy of < 16 eV, and the average
ionisation energy of the plasma is determined primarily by that of Ar (15.76 eV),
the ICP is able to generate singly charged ions for most elements. Moreover,
it can be shown that the ionisation eﬃciency is > 90% for those elements hav-
22 Chapter 2. Inductively coupled plasma-mass spectrometry
ing a ﬁrst ionisation energy of < 8 eV, under normal operating conditions. In
addition, as most elements have a second ionisation energy > 16 eV, a notori-
ous exception being Ba (ca. 10 eV), analyte or matrix elements will generally
have a low probability of forming doubly charged ions in the ICP. However, the
formation of a number of other undesirable species is commonly observed, an
important limitation of the ICP which is the subject of Section 2.9.1. The an-
alyte ions, as well as the undesirable species, that are formed in the ICP, are
ﬁnally sampled from the normal analytical zone of the plasma and transported
to the high-vacuum region by means of an especially designed interface.37,49,59
2.5 The interface region
The main purpose of the interface is to transport analyte ions eﬃciently, con-
sistently, representatively and with electrical integrity from the atmospheric
high-temperature ICP to the high-vacuum region, which houses the mass anal-
yser and the detector. A schematic representation of an interface is shown
in Figure 2.5a. It consists of an intermediate diﬀerentially pumped expansion
chamber, located in between two metallic cones, usually made of Ni, Pt, Al
or Cu (see Figure 2.5b). To prevent melting, due to exposure to the high-
temperature plasma, these cones are made preferably of heat-conductive ma-
terials and placed in a water-cooled housing. In speciﬁc situations, e.g. when
analysing corrosive liquids, corrosion-resistance may also have to be taken into
account. Each of the two cones has a small oriﬁce (ca. 1mm) at its tip, through
which the ions and neutral species that are sampled from the ICP may pass.75
The tip of the ﬁrst cone, the so-called sampler cone, is positioned within the
normal analytical zone of the plasma. Some of the plasma gas, which consists
(a) Schematic diagram of the interface. 60 (b) Pt sampler (left) and skimmer cone (right) of
an Element2 ICP-SFMS instrument. 73,74
Figure 2.5: The interface region.
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mainly of neutral Ar atoms but also carries the analyte ions, ﬂows through the
sampler cone’s oriﬁce and expands supersonically inside the expansion chamber.
The second cone, the so-called skimmer cone, reduces the gas load, whereby it
skims ions and neutral species from the center of the expanding supersonic gas jet
behind the sampler cone. Through careful design and positioning of both cones, a
stable ion beam representative of the analyte population in the normal analytical
zone of the ICP can be obtained. The positive ions of this ion beam are then
directed towards the ion transfer optics, often by a negatively charged electro-
static extraction lens, which is located behind the skimmer cone.37,43,49,59,60,75
Early on in the development of ICP-MS instrumentation, it was found that
the interface region, in addition to the ICP itself, contributed signiﬁcantly to the
formation of certain types of spectral interferences (e.g. multiply charged and
Ar-based species). A secondary plasma discharge was observed at the oriﬁce of
the sampler cone, which was thought to be the source of this issue. In addition,
this secondary discharge causes an increase in photon noise, ion kinetic energy
and the spread thereof. Moreover, it was found to have a detrimental eﬀect on
sampler cone life expectancy, due to increased oriﬁce erosion. The source of this
discharge was later identiﬁed as a being capacitive coupling between the voltage
on the load coil and the plasma, causing arcing between the plasma itself and
grounded sampler cone. Lowering the plasma potential, to reduce this type of
arcing, can be achieved in a number of ways, one such approach entails placing a
grounded guard electrode between the load coil and the plasma torch.76,77
2.6 The ion transfer optics
The main function of the ion transfer optics is to extract and then collimate and
focus the ion beam, which enters the intermediate-vacuum chamber through the
skimmer cone, onwards towards the high-vacuum region of the mass analyser.
These lens assemblies usually consist of one or more electrostatically controlled
electrodes, ﬂat or cylindrical, which subject the positive ions to an electric ﬁeld.
Applying this electric ﬁeld is essential to compensate for beam defocusing, arising
from two separate mechanisms. Firstly, the analyte ions are scattered by collisions
with the bulk plasma gas. Secondly, as the ion beam enters the low-pressure
intermediate-vacuum chamber, the small electrons diﬀuse readily outwards. As a
result, the centre of the ion beam receives a net positive charge, whereby its positive
ions start repelling each other due to so-called space-charge eﬀects.37,49,59,60,78
A secondary function of the ion optics is to prevent photons and neutral
species from impinging on the detector, as this would lead to an increase in the
instrumental background. Several strategies have been considered by the diﬀerent
ICP-MS manufacturers. A grounded metal plate may be placed in the path of
the ion beam, which blocks photons and neutral species, whereas the positive
ions are guided around the so-called photon stop by the ion optics. Alternatively,
the mass analyser and the detector may be placed oﬀ-axis, with respect to the
interface, whereby the positive ions can be selectively steered towards them by
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the lens assembly. In part due to the its mass analyser’s geometry, an ICP-SFMS
instrument suﬀers little from photons and neutral species (see Section 2.7.2).60,78
2.7 Mass analysers
At the heart of any mass spectrometric system lies a mass analyser, which separates
the ions produced in the ion source according to their mass-to-charge ratio, after
which it directs the analyte ions of interest to the detector (either simultaneously
or sequentially, temporally-resolved or spatially-resolved). The ion beam, which is
extracted from the plasma through the interface and focused by the ion optics,
can be resolved into its components by any of a number of diﬀerent mass analysers.
Currently, however, the two most commonly used mass analysers are quadrupole
mass ﬁlters and double-focusing sector-ﬁeld mass analysers. These mass analysers
are necessarily housed in a high-vacuum region (ca. 10−8mbar), as collisions
of both analyte and interferent ions, with residual gasses, can have a negative
impact on the sensitivity as well as on the so-called abundance sensitivity.37,43,59,79
This abundance sensitivity is deﬁned as the ratio of the signal intensity observed
at mass m+1, as a result of peak-tailing, versus the signal intensity at mass m.
abundance sensitivity =
Im+1
Im
(2.1)
The resolution, also an important characteristic of mass analysers, is speciﬁed
by the 5% peak width deﬁnition, for the purposes of this text. This is deﬁned
as the ratio of an ion’s mass versus its corresponding peak width at 5% of the
signal height. This deﬁnition of the resolution is equivalent to the alternative
10% valley deﬁnition, for two neighboring symmetrical peaks of equal height.
R =
m
∆m
(2.2)
A schematic illustration of the abundance sensitivity and the mass resolution is
given in Figures 2.6a and 2.6b, respectively, to clarify their deﬁnitions.43
(a) Abundance sensitivity. (b) Resolution.
Figure 2.6: Schematic illustrations of the abundance sensitivity and the resolution. 43
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2.7.1 Quadrupole mass analysers
The ﬁrst of the commercially available ICP-MS instruments were all equipped
with quadrupole mass ﬁlters and, to date, this design is still by far the most
popular one. These types of instruments are considered to be technologically
mature and are characterised by fast scan times and a relative ease of use, whilst
at the same time they are reasonably priced. The major drawback of com-
mercially available ICP-QMS instruments, however, is that the attainable mass
resolution has always been modest. Nearby ions with the same nominal mass-
to-charge ratio as the analyte ions of interest can typically not be resolved.
However, to a large extent, this limitation has been overcome as a result of
the advent of collision/reaction cell technology (see Section 2.9.1.2).60,79
A quadrupole mass ﬁlter consists of four parallel equidistant metallic rods.
Even though hyperbolically shaped rods exhibit a superior separation behavior,
the use of cylindrical rods has most often been found to suﬃce, if properly spaced.
By applying a speciﬁc combination of dc and RF ac voltages to each opposed
pair of cylindrical rods, thereby creating an alternating quadrupolar electric
ﬁeld, ions with a particular mass-to-charge ratio are allowed to reach the end
of the quadrupole, whereas all other ions are ejected (see Figure 2.7a). The
mathematical equations that describe the trajectory of an ion in the quadrupole’s
electric ﬁeld are rather complex and therefore beyond the scope of this text,
instead, a qualitative description of the operating principle is given below.43,79–81
Four parallel equidistant quadrupole rods, accompanied by the voltages that are
applied to them, which induce a quadrupolar electric ﬁeld, are shown in Figure 2.7b.
In this ﬁgure, the rods are depicted as being positioned perpendicularly to the page.
A voltage of U +V · cosωt is applied to the ﬁrst pair of opposing rods (rod pair A,
deﬁning the x-direction), whereas the second pair of rods, in contrast, is subjected
to a voltage of −(U + V · cosωt) (rod pair B, deﬁning the y-direction). In these
formulas, U represents the dc component of the voltage, whilst V ·cosωt represents
its time-dependent RF ac component with amplitude V and angular frequency ω.
The stability of an ion’s trajectory is then determined by its mass, the dc voltage
(a) Trajectory of diﬀerent ions in the quadrupole. (b) Application of dc and RF ac voltages to
opposed rods.
Figure 2.7: Quadrupole mass analyser. 80
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U and the amplitude and angular frequency of the RF ac voltage V · cosωt. In
practice however, ω is kept constant and only U and V are varied such that ions
of all but a single mass-to-charge ratio are ﬁltered out. As an ion passes through
the quadrupole, the quadrupolar electric ﬁeld exerts a force on it, the x and y
components of which are independent of one another. For this reason, the motions
in the perpendicular x and y directions may be considered separately.43,49,80
Let us ﬁrst consider the pair of opposing rods in the x direction, onto which a
voltage with a positive dc component is applied. By applying a positive potential
to this pair rods, positively charged ions are repelled by both and focused in
between them. However, as a result of the RF ac component, the voltage on these
rods is not always positive. During the time that the rods are subjected to a
negative potential, they instead exert an attractive force on positively charged
ions. The distance traveled by an ion, whilst the rods are at a negative voltage,
is determined in part by that ion’s mass-to-charge ratio. The trajectory of a
heavy ion, i.e. with a high mass-to-charge ratio, is aﬀected only to a minor
extent by a rapidly oscillating RF ac voltage as a result of its inertia. The
trajectories of lighter ions, however, are more readily aﬀected by that same
RF ac component. Hence, heavy ions are repelled by the rods and focused
(a) Displacement of light, medium and heavy ions in the x direction (dc component of voltage > 0).
(b) Displacement of light, medium and heavy ions in the y direction (dc component of voltage < 0).
Figure 2.8: Trajectories of light, medium and heavy ions as they move through the quadrupole. Ions
that are too light are forced on a highly unstable trajectory in the x direction (positive dc component)
whilst ions that are too heavy are deﬂected in the y direction (negative dc component). 60
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in between them, by the dc component of the rods’ potential. In contrast,
light ions will move along a trajectory that is very unstable, due to the RF ac
component of the voltage. The trajectory of the lightest ions, with a mass-to-charge
ratio below a certain threshold, is so unstable that they eventually collide with
the quadrupole rods, after which they are removed (see Figure 2.8a). Thus,
the rods in the x direction can be thought of as acting as a high-mass ﬁlter.49
Let us then consider the other pair of opposing rods, in the y direction, to which
a voltage with a negative dc component is applied. Although the average potential
is negative for this pair, the voltage on the rods also oscillates between positive
and negative due to the RF ac component. Positively charged ions with a high
mass-to-charge ratio are aﬀected mainly by the constant negative dc component,
causing them to move steadily towards one of the rods (see Figure 2.8b). Ions
with a mass-to-charge ratio above a certain threshold eventually collide with
the quadrupole rods, whereafter they are neutralised. The trajectory of the
lightest ions, in contrast, is not only aﬀected by the dc component but also
by the rapidly oscillating RF ac potential. Hence, during periods when the
voltage is positive, these lighter ions are refocused in between the rods. Therefore,
the rods in the y direction can be thought of as acting as a low-mass ﬁlter.49
For an ion to be able to reach the end of the quadrupole mass ﬁlter, its needs to
move along stable trajectories in both the x and y direction. Since the quadrupole
rods in the x direction serve as a high-mass ﬁlter and those in the y direction
serve as a the low-mass ﬁlter, only ions of a narrow range of mass-to-charge
ratios move along a stable trajectory. Moreover, by careful selection of U and
V , ions of only a single speciﬁc nominal mass-to-charge ratio can be allowed to
pass. The entire mass spectrum can then be scanned, by varying U and V whilst
maintaining a constant ratio between both. However, for a number of reasons,
undesirable species may still not be fully ejected from the quadrupole, leading
to peak tailing (a phenomenon that is quantiﬁed by means of the abundance
sensitivity). For example, if an undesirable ion is injected into the quadrupole
too close to the central axis, where the magnitude of the electric ﬁeld is zero,
it may still be transmitted. Due to the nature of the alternating quadrupolar
electric ﬁeld, this peak tailing is more pronounced at the low-mass side of an
interfering peak. An optimum abundance sensitivity is obtained when (i) the
quadrupole rods are long enough, (ii) the angular frequency ω of the RF ac voltage
is large enough and when (iii) the ions pass through the mass ﬁlter slowly.49,60
2.7.2 Double-focusing sector-ﬁeld mass analyser
Limitations with respect to the resolving power of traditional ICP-QMS instru-
ments led to the development of higher-resolution ICP-SFMS instruments. For
the ﬁrst time, many of the most frequently occurring spectral interferences could
be eliminated in an elegant and straightforward manner (see Section 2.9.1.1).
Aside from an improved resolving power over commercially available ICP-QMS
instruments, ICP-SFMS instruments are also characterised by a higher sensitivity
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and an improved precision. However, they are more expensive and day-to-day
operation is considered to be more complicated. In addition, when compared to
ICP-QMS instruments, scanning is slower, especially at higher resolutions.82
A double-focusing sector-ﬁeld mass analyser consists of an electromagnet
and an electrostatic analyser (ESA), working in tandem with one another. In
commercially available ICP-SFMS instruments, the so-called Nier-Johnson and
Mattauch-Herzog geometries are most commonly employed. In a Mattauch-Herzog
geometry, a magnetic sector is used in combination with a electrostatic sector of
opposite curvature. Conversely, in a Nier-Johnson geometry, a magnetic sector
and an electrostatic sector with the same direction of curvature are employed.
Whereas the ESA is positioned before the electromagnet in a so-called forward
design, it is positioned behind the electromagnet in a so-called reverse design.
An important diﬀerence, when compared to the design of ICP-QMS instruments,
aside from the actual mass analyser itself, lies in the design of the ion optics.
In contrast to a quadrupole mass ﬁlter which performs optimally when the in-
coming ions travel at low speed, the ions’ kinetic energy is instead increased
by an accelerator voltage of several kV before introducing them into a double-
focusing sector-ﬁeld mass analyser. The operating principle of this type of mass
analyser is given below, starting by ﬁrst describing the operating principle and
the relevant limitations of single-focusing magnetic sector mass analysers.39,82–85
Consider a positively charged ion, the speed of which is increased from 0 to
a given value v, by an accelerating voltage V . That ion’s kinetic energy Ekin is
then governed solely by the magnitude of the accelerating voltage and by the ionic
charge q. This kinetic energy, along with the ion’s mass m, determines its speed.
q·V = Ekin = 1
2
·m·v2 (2.3)
As this ion travels through the magnetic sector’s uniform magnetic ﬁeld, which
is characterised by a magnetic ﬂux density B, its trajectory is aﬀected by the
Lorentz force Fm. This magnetic force is exerted in the direction perpendicular
to that of the ion’s motion and that of the magnetic ﬁeld lines.
Fm = q·v·B (2.4)
As a result of the Lorentz force, the ion is deﬂected and its motion describes
a circular path. The radius rm of this circular trajectory is determined by the
equilibrium between the Lorentz force Fm and the centrifugal force Fc.
q·v·B = Fm = Fc = m·v
2
rm
(2.5)
Eliminating the ion’s speed from equations 2.3 and 2.5 yields√
2·q·V
m
= v =
q·rm·B
m
(2.6)
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which, when solved for rm, ﬁnally yields the radius of the ion’s circular path.
rm =
√
2·V
B
·
√
m
q
(2.7)
Thus, when the accelerating voltage V and the magnetic ﬂux density B are kept
constant, ion trajectories are solely determined by their respective mass-to-charge
ratios, whereby they can be spatially resolved. Nonetheless, when a single static
detector is employed, it is often more convenient to vary the accelerating voltage
V or the magnetic ﬂux density B, for sequential monitoring of ions with speciﬁc
mass-to-charge ratios. It must be remembered, however, that the above assumes
that the ion beam is perfectly collimated and that all ions have a uniform kinetic en-
ergy. Fortunately, magnetic sectors possess angular focusing capabilities, whereby
diverging ions beams are focused after emerging from the mass analyser (i.e. single
focusing). In contrast, if their kinetic energies were to vary, the trajectories of
ions of a given mass-to-charge ratio would not intersect in the same focal point,
which limits the resolution attainable. Therefore, a magnetic sector mass analyser
is dispersive not only with respect to mass but also with respect to ion kinetic
energy. A schematic representation of a magnetic sector is shown in Figure 2.9,
demonstrating the mass analyser’s angular focusing capabilities.39,43,60,80
An ESA can be employed to compensate for the magnetic sector’s disper-
sive nature with respect to ion kinetic energies, in order to improve the at-
tainable resolution. As a positively charged ion with mass m, charge q and
speed v passes through the electrostatic sector, it is deﬂected and forced on a
Figure 2.9: Schematic top and side view of a 90° magnetic sector mass analyser, resolving an accelerated
ion beam. Ions of two diﬀerent mass-to-charge ratios are focused in diﬀerent points (A1 & A2).
Moreover, angularly diverging ions of the same mass-to-charge ratio are focused in a single point. 43
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circular trajectory, as in a magnetic sector. An ESA consists of two sections
of cylindrical or toroidal condenser plates, held at opposite potentials, which
generate a radially symmetrical electrostatic ﬁeld with electric ﬁeld strength
E. The radius re of an ion’s circular trajectory is then determined by the
equilibrium between the electrostatic force Fe and the centrifugal force Fc.
q·E = Fe = Fc = m·v
2
re
(2.8)
The kinetic energy of a positive ion, accelerated by an accelerating potential V ,
was already given in the previous paragraph. For an electrostatic sector, the
ion’s speed can then be eliminated from equations 2.3 and 2.8, yielding
2·q·V
m
= v2 =
q·E·re
m
(2.9)
which, when solved for re, yields the radius of the ion’s circular path in an ESA.
re = 2·V
E
(2.10)
This relation is similar to equation 2.7, for mono-energetic ions beams, resolved
by a magnetic sector, except that the radius re of the ion’s circular path in the
electrostatic analyser is independent of that ion’s mass-to-change ratio. How-
ever, if the ion beam is not uniformly mono-energetic, an ESA is still dispersive
with respect to ion kinetic energies, like a magnetic sector. Fortunately, an
electrostatic analyser also possesses angular focusing capabilities for imperfectly
collimated diverging ion beams, again just like a magnetic sector.39,43,80
Figure 2.10: Schematic representation of a double-focusing sector-ﬁeld mass analyser of reverse Nier-
Johnson geometry, resolving an accelerated ion beam. The magnetic sector disperses ions according to
their mass-to-charge ratios and ion kinetic energies. The ESA is subsequently used to deﬂect ions of
equal mass-to-charge ratios such that their trajectories intersect in a single focal point. 60
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Thus, magnetic and electrostatic sector mass analysers, on their own, are
incapable of resolving ion beams with a high ion kinetic energy spread, such as
those generated from an ICP. In a tandem setup, however, both components are
combined in such a way that the ion kinetic energy dispersion of the magnetic
sector is compensated by the equal but opposite ion kinetic energy dispersion
of the electrostatic sector. Thus, the combination of magnetic and electrostatic
sectors possesses both angular and ion kinetic energy focusing capabilities (i.e.
double-focusing), whilst the magnetic sector’s dispersive nature with respect to
mass is retained (see Figure 2.10). As a result of its double-focusing capabilities,
sector-ﬁeld mass analysers possess a superior resolution, which is its main advantage
over traditional quadrupole mass ﬁlters. In addition to a superior resolving power,
an improved sensitivity is often observed, when compared to those same quadrupole
mass ﬁlters. This has been attributed to the use of an accelerating voltage, which
greatly increases the average ion kinetic energy, whereby the ion beam is thought to
be less susceptible to space-charge-induced scattering. Moreover, due to the curved
trajectories of the ions, photons and neutral species have a very low probability
of reaching the detector, which greatly reduces background levels.37,43,60
In order to further improve the resolution, up to values of ca. 10 000 for
commercially available instruments, the widths of the mass analyser’s entrance
and exit slit can be reduced. These slits are positioned just before and after the
mass analyser, respectively, in the trajectory of the ion beam. However, reducing
the slits’ width is accompanied by a loss of sensitivity, since ion transmission
is reduced. Moreover, whereas characteristic ﬂat-top peaks are observed in the
lowest resolution mode, triangular peaks are obtained when the slits widths’ are
reduced. Trapezoidal ﬂat-top peaks are advantageous because a small shift in the
instrument’s mass calibration would not necessarily be problematic, as long as the
observed mass window still corresponds to a part of the peak’s ﬂat plateau.86
With single-collector ICP-SFMS instruments, having a ﬁxed detector, mass
spectra can be acquired in two ways. Firstly, the magnetic ﬂux density of the
magnetic sector can be kept constant, whilst varying the accelerating voltage (i.e.
E-scan). This enables fast scanning, but typically only over a limited mass range
upwards from a ﬁxed magnetic sector mass, because a decrease in the accelerating
voltage causes a loss in sensitivity and of focusing properties. Secondly, the entire
mass spectrum can be scanned by varying the magnetic ﬂux density, whilst keeping
the accelerating voltage constant (i.e. B-scan). However, scanning is slower in this
case, due to the self-inductance of the magnet, which counteracts magnet current
changes. In practice, E-scans are used to cover a narrow range of masses above a
ﬁxed magnetic sector mass (ca. +30%). When the E-scan’s upper limit is reached,
the magnetic sector performs a relatively slow jump to a higher mass, from where
a new fast E-scan commences, after allowing for an appropriate settling time.
In a multi-collector design, in contrast, both the magnetic ﬂux density and the
accelerating voltage can be kept constant. Several detectors are then placed at each
of the static focal points of interest. It should be noted that only forward geometries
can be used in such multi-collector designs, because, in a reverse geometry, too
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small a part of the mass range is transmitted by the magnetic sector to the
ESA. As a result, a reverse geometry prohibits the simultaneous monitoring of
multiple isotopes across a suﬃciently wide mass range. For a single-collector design,
however, a reverse geometry is often preferred. The fact that the high ion current
is ﬁrst reduced by the magnetic sector, whereby only a limited range of masses is
transmitted and subjected to the subsequent energy refocusing, has been found
to lead to an improved abundance sensitivity and a reduced noise level.39,60,86
2.7.3 Alternative mass analysers
Currently, only one other type of mass analyser is used in commercially available
ICP-MS instrumentation, i.e. in the less commonly employed Time-Of-Flight
Inductively Coupled Plasma-Mass Spectrometers (ICP-TOFMS).87,88
2.8 Detectors
After the ions of a particular mass-to-charge ratio have been isolated from all
other species, by the mass analyser, they are directed towards a detector. This
detector, the third and ﬁnal major component of any mass spectrometric sys-
tem, is then used to measure the magnitude of the resolved ion beam’s current.
Often, it is assumed that this ion current is proportional to the analyte con-
centration in the original sample. The most commonly used detectors in ICP-
MS instrumentation are secondary electron multipliers, especially for trace and
ultra-trace analysis of samples, where low ion currents are encountered.59,89
2.8.1 Discrete-dynode electron multipliers
Early ICP-MS instruments mainly employed continuous dynode electron mul-
tipliers, but so-called discrete-dynode electrons multipliers have since become
more popular, in part due to advances in the underlying technology. Although
continuous and discrete-dynode electron multipliers diﬀer somewhat in design,
the operating principle of these types of detectors is quite similar. In what
follows, however, only discrete-dynode electron multipliers are considered.60
A discrete-dynode electron multiplier is made up of a series of individual
plates each coated with a metal-oxide, which possesses high secondary electron
emission properties. A schematic representation and a photograph of this type
of detector are shown in Figure 2.11, for illustrative purposes. The ﬁrst plate of
the detector, called the conversion dynode, is held at negative potential, whilst
each of the consecutive dynodes is held at successively higher potentials. When
a positive ion strikes the conversion dynode, a number of secondary electrons
are generated. These are accelerated towards the second dynode, because it
is at a higher potential than the ﬁrst. When the secondary electrons impinge
on the second dynode, they generate more electrons. These are then, in turn,
accelerated towards the third dynode where even more electrons are generated.
As a result of the potential gradient across the detector, this process is repeated
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at each of the following dynodes. The number of secondary electrons generated
increases exponentially, until a cascade of electrons eventually impinges on the
detector’s collector. In this way, a single positively charged ion, striking the
conversion dynode, gives rise to a measurable pulse at the collector.37,43,49,59,60,89
In the so-called pulse counting mode of the detector those individual pulses are
recorded, which gives rise to a certain count rate. This count rate is considered
to be proportional to the analyte concentration, but only if the concentration is
suﬃciently low. If the analyte concentration is too high and there are too many
incident ions, then the detector’s response will no longer be linear. Moreover,
wear of the detector is typically related to the total numbers of pulses that have
been registered at the collector, whereby higher count rates result in a shorter
detector life span. One solution to this problem is to continuously measure the
electron current at one of the central dynodes, as an analog signal. If the current
at that dynode is above a certain threshold value, then its further ampliﬁcation is
interrupted and the analog signal is used for quantitative purposes. The detector
is then said to operate in the so-called analog mode, for which the measured
current is considered to be proportional to the analyte concentration. In a dual
detector mode, on modern ICP-MS instruments, the switching between pulse
counting and analog modes is fully automated. By cross-calibrating the pulse
counting and analog modes of the detector, in the range where both modes
are valid, at count rates between ca. 25 000 counts s−1 and 2 500 000 counts s−1,
a dynamic linear range of up to nine orders of magnitude can be obtained.
Depending on the design of the detector, the resulting analog-to-counting cross-
calibration factor may be either mass-dependent or mass-independent.43,60,89
An important consideration for many pulse counting systems is the occurrence
of a so-called detector dead time τ , whereby fewer pulses are recorded than actually
occur at the detector. When an ion strikes the detector and generates a pulse, a
short but ﬁnite time is required to detect and handle the resulting signal, typically
in the order of magnitude of some ns. During this short time, the detector is
“blind” to all other incident ions, such that pulses are “lost”. This phenomenon is of
greatest importance when high count rates are considered (> 1 000 000 counts s−1),
(a) Schematic representation. 43 (b) Photograph.
Figure 2.11: Discrete-dynode electron multipliers.
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as the probability of two ions arriving within a very short period is increased.
Therefore, this loss of counts must be corrected for, especially for the accurate
determination of extreme isotope ratios. For a non-paralysable system, i.e. one
where an undetected pulse does not lead to an extension of the dead time τ , the
measured count rate Imeas can be corrected by using the following equation.
Iτ =
Imeas
1− Imeas · τ (2.11)
Thus, it can be shown that, for a corrected count rate Iτ of 1 000 000 counts s−1
and a dead time of 20 ns, only ca. 98% of all pulses would be registered. Both the
detector itself and the detection system’s electronics are believed to contribute to
this phenomenon, which inhibits the linearity of the detector, if not corrected for.
Several approaches for determining the dead time are discussed in Chapter 6, as
its determination is a prerequisite to accurate isotopic analysis .37,43,60,80,90
2.8.2 Alternative detectors
As mentioned previously, continuous dynode electron multipliers have been used
extensively in ICP-MS instrumentation, especially in the early designs. In ad-
dition, the use of Daly detectors has also been considered in a number of ICP-
MS concepts. Whereas these types of detector can be operated in the same
range as discrete-dynode electron multipliers, Faraday cups are usually employed
for higher ion currents. The latter are less sensitive, but more stable.60,89
2.9 Interferences
The intensities of ion beams impinging on the detector cannot always be assumed
to be proportional to analyte concentrations, due to the occurrence of interferences.
If not taken into account, these will inevitably hinder the accurate and precise
quantitative analysis of samples. In ICP-MS, interferences are most often classiﬁed
as being either spectral or non-spectral in nature. Spectral interferences arise
when the nominal mass-to-charge ratio of one of the analyte ions coincides with
that of another atomic or molecular ionic species, whereby they both contribute
to the observed signal intensity. This results in an overestimation of the analyte
concentration. In contrast, non-spectral interferences tend to aﬀect the determina-
tion of all analytes in a sample, although not necessarily to the same extent. This
type of interference results in a multiplicative distortion of the expected signal
intensities, which are either suppressed or enhanced, across the entire mass range.
Their origins and the approaches for attenuating these spectral and non-spectral
interferences are the main subject of the remainder of this section.37,40,91
2.9.1 Spectral interferences
The general term spectral interferences actually encompasses three distinct and
separate classes of interfering ionic species, which may be formed either in the
plasma or in the interface region. The ﬁrst and most important class of such
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interferences are polyatomic ions. The second and third are multiply charged and
isobaric interferences, which are both typically less problematic.37,39,59,91
Polyatomic spectral interferences arise from precursors from various sources,
including the analytes themselves, the sample matrix, the plasma gas and the air
surrounding the ICP. Most often, however, only diatomic (e.g. 14N14N+) or tri-
atomic (e.g. 40Ar16O1H+) interfering species are observed, although the occurrence
of more complex cluster ions has also been reported (e.g. 142Nd1H31P16O4
+).92
First and foremost, the 40Ar+ monomer and 40Ar2
+ dimer are two of the most
dominant interfering species in an Ar-based ICP, hampering the determination of
40Ca+ and 80Se+, respectively. However, in addition to such simple Ar monomers
and dimers, other argide-based spectral interferences are commonly encountered.
These comprise diverse combinations of Ar and other species predominant in
the plasma (e.g. H, O, C, N). A number of oxide- and hydride-based cluster
ions are also frequently observed at appreciable levels and are second only in
importance to the abovementioned Ar-based interferents. Typical examples are
the molecular oxides that readily form from the lightest lanthanides, which then
hamper the determination of their heavier brethren. This is of particular im-
portance for ICP-MS instruments being operated in the standard conﬁguration,
in which aqueous samples are aspirated, because a considerable amount of wa-
ter vapor is then introduced into the plasma. In addition, impurities in the
plasma gas, along with the constituents from the surrounding air, contribute to
the formation of these oxide- and hydride-based interferences. Moreover, the
plasma gas and the surrounding air give rise to nitride- and carbide-based poly-
atomic interferents also. Another important source of polyatomic interferences
can be traced back to the sample pretreatment procedures employed, speciﬁ-
cally to the reagents that are used for digestion or preservation of samples (e.g.
HNO3, H2O2, HF and HCl). Some of these reagents may give rise to cluster
ions that would otherwise not be observed, a typical example being the diatomic
40Ar35Cl+, which masks the signal of the mono-isotopic 75As+ at unit-mass resolu-
tion. Therefore, HNO3 and H2O2 are generally considered to be reagents of choice,
as these do not introduce any “foreign” precursors into the plasma.37,39,59,91,93,94
Multiply charged spectral interferences arise from precursors that are either
highly abundant in the sample matrix and the plasma gas (e.g. 40Ar4+) or from
those that possess a second ionisation energy below 16 eV (e.g. 137Ba2+). As the
mass analyser resolves an ion beam with respect to the ions’ mass-to-charge ratios,
doubly charged ionic species interfere with the signals of lighter ions, found at
half the interfering species’ nominal mass in the mass spectrum. However, most
elements possess a second ionisation energy that lies well above 16 eV, i.e. above
the ﬁrst ionisation energy of Ar. As a result, they have a very low probability
of forming doubly charged ions in an Ar-based plasma (see Section 2.4).39,59,95
Isobaric overlap occurs when the nominal mass-to-charge ratios of two nuclides
from diﬀerent elements coincide (e.g. 54Fe+, 54Cr+). Although isobaric interfer-
ences are quite commonly encountered, they are certainly not insurmountable, at
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least for samples of natural isotopic composition. Fortunately, with the excep-
tion of In, most elements possess at least one nuclide that is free from isobaric
interference. In general, though, it is considered good practice to monitor two
or more nuclides for each element under consideration, whenever possible.39,59,91
2.9.1.1 High-resolution mass spectrometers
A straightforward approach to eliminating spectral interferences is to exploit the
so-called mass defect, which is the diﬀerence between the sum of the masses of a
nucleus’ nucleons and its exact mass. Although being somewhat counter-intuitive,
this phenomenon results from a relativistic loss of mass, through the release
of binding energy, at the time when the stable nucleus is ﬁrst formed. Most
important, however, is the fact that the magnitude of the mass defect is unique
to each of the elements’ isotopes. The ability to identify nuclides of the diﬀerent
elements, coinciding at speciﬁc nominal mass-to-charge ratios, but with unique
exact masses, is therefore only limited by the mass resolution achievable.43,96
However, commercially available ICP-SFMS instruments have never been able
to provide resolutions of much more than ca. 10 000. Although the resolution
of these types of instruments is vastly superior to that of traditional ICP-QMS
instruments, resolutions of up to 108 would be required for resolving the most
troublesome of isobaric interferences. Fortunately, however, many of the frequently
occurring polyatomic and multiply charged interferences can be easily resolved at
resolutions of less than 4000. Nonetheless, even in these cases, some important
limitations should be taken into consideration. Firstly, not all of the polyatomic
and multiply charged interferences can be resolved so easily, e.g. a number of
molecular oxides in the range of 100 to 140 amu are particularly troublesome.
Secondly, when the resolution is increased, the instrumental sensitivity inevitably
suﬀers and the ability to obtain ﬂat-top peaks is sacriﬁced (see Section 2.7.2).
(a) Low resolution. (b) High resolution.
Figure 2.12: Simulation of a low and high resolution mass scan at a nominal mass-to-charge ratio of
77, created by means of the ICP-MS Interferences Workshop program (Thermo Finnigan, Germany).
Spectral overlap occurs in the lowest resolution mode, masking the 77Se+ signal. In the higher resolution
mode, both interferences can be resolved, although trapezoidal ﬂat-top peaks can no longer be obtained.
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The use of higher resolution modes, for the determination of 77Se+, is illustrated
in Figure 2.12. If considerable amounts of Cl are anticipated in a sample in
which 77Se has to be determined, then the use of the very highest resolution
mode is required. If not, and if the intensity of the argide-based interference is
suﬃciently small, then a resolution of ca. 4000 may be adequate. Alternatively,
the signal of 82Se+ can be monitored for the determination of Se.39
2.9.1.2 Collision/reaction cell technology
Whereas ICP-QMS instruments were initially not capable of dealing with poly-
atomic spectral interferences, at least not in a very eﬃcient manner, most mod-
ern instruments are now equipped with so-called collision/reaction cells. A
schematic representation of this type of instrument is presented in Figure 2.13.
As in a traditional ICP-QMS instrument, ions are extracted from the plasma
through the interface, after which the ion beam is shaped and focused by the
ion optics. However, before subjecting the resulting ion beam to mass anal-
ysis, it is ﬁrst directed through a collision/reaction cell. This type of cell
makes use of collisions and/or selective ion-molecule reactions, which purge the
ion beam of undesirable species, before it is transmitted onwards towards the
quadrupole mass ﬁlter. Spectral interferences, even isobaric ones that cannot
be resolved on an ICP-SFMS instrument, can thereby be eliminated.91,97
A collision/reaction cell essentially consists of a multipole (4, 6 or 8 rods),
subjected to a voltage with a dc and RF ac component. This multipole is
placed in a pressurised chamber, into which inert (e.g. He) or reactive (e.g. H2,
NH3, CH4) gasses are introduced, at ﬂow rates of either up to a few mLmin
−1 or
less than one mLmin−1, respectively. The purpose of the multipole is
to guide the ions to the quadrupole mass ﬁlter, whilst they interact with the
atoms or molecules of the collision/reaction gas. The mechanisms through which
the spectral interferences are dealt with in a collision/reaction cell
can be classiﬁed as being either physical or chemical in nature.98–101
Figure 2.13: Schematic representation of a an ICP-QMS unit equipped with a collision/reaction cell. 97
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Firstly, physical processes such as collision-induced fragmentation and kinetic
energy dampening can suppress interfering species. The latter, kinetic energy
dampening is the result of ions colliding with an inert cell gas, whereby their
mean kinetic energy is reduced. However, since polyatomic interferents are physi-
cally larger than analyte ions of equal mass-to-charge ratios, they have a higher
probability of colliding with the cell gas molecules. In this way, their average
kinetic energy is reduced to a larger extent than that of the analyte ions. By then
applying a potential barrier, insurmountable to ions with a kinetic energy below
a certain threshold, the polyatomic interferents can be preferentially eliminated.
The main drawback of this approach is that the potential barrier also reduces the
transmission eﬃciency for analyte ions, especially lighter ones, thereby decreasing
the overall sensitivity. However, kinetic energy dampening may be made use of
even in the absence of interfering species, when no potential barrier has to be
applied. Collisions of ions with the cell gas result not only in a lower mean kinetic
energy but also in a narrower energy distribution of the ion beam. As a result,
the quadrupole mass ﬁlter’s ion transmission eﬃciency is improved, whereby the
instrumental sensitivity has been found to increase. Moreover, it typically results
in a better (isotope ratio) precision and an improved abundance sensitivity.101
Secondly, next to physical processes, a variety of other ion-molecular in-
teractions may occur when using a reactive gas instead of an inert one, in-
cluding charge-transfer and chemical reactions. In this case, two approaches
may be considered, either the spectral interference may be eliminated, or the
analyte itself can be altered in some way (an example of both is given below).
40Ar+ + 14N1H3
40Ar+ 14N1H3
+ (2.12)
40Ar1H+ + 1H2
40Ar+ 1H3
+ (2.13)
77Se+ + 16O2
77Se16O+ + 16O (2.14)
These examples already give some indication as to the versatility and applicability
of this particular approach, even for resolving isobaric interferences. Nonetheless,
it should be kept in mind that there is no single reactive gas capable of eliminating
every type of spectral interference. On the contrary, a reactive gas, used to
eliminate one particular interference, may give rise to undesired side reactions,
e.g. resulting in the formation of a plethora of other cluster ions (e.g. Fe(NH3)n
+).
However, formation of new cluster ions can be prevented or mitigated to some
extent. When a quadrupole assembly is employed, the multipole may be operated
as a bandpass ﬁlter, whereby the precursors to these unwanted interferences are
expelled beforehand. Conversely, when a hexapole or an octapole is employed,
which cannot serve as a bandpass ﬁlter, kinetic energy discrimination may be
employed by applying a potential barrier, since newly formed cluster ions have a
lower mean kinetic energy than the ions that were sampled from the plasma.101
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2.9.1.3 Alternative approaches
Mathematical interference correction equations, which are implemented in most
contemporary ICP-MS software suites, are routinely applied. Using this ap-
proach, the contribution of an interfering species (e.g. 40Ar35Cl+), to the signal
observed for an analyte (e.g. 75As+), is estimated by monitoring a species related
to the interference at another mass (e.g. 40Ar37Cl+). If the relevant isotopic
abundances are known, then that additional measurement can be used to de-
termine the severity of the interference in question. However, this approach is
only considered to be reliable if the contribution of the interfering species, to
the analyte signal, is suﬃciently small. Moreover, additional corrections may be
required in complex samples (e.g. to correct for the presence of 77Se+).39,91,102
Cool/cold plasma conditions may also be considered for attenuating cer-
tain types of spectral interferences. In this approach, a lower temperature
plasma is employed, which is obtained by reducing the RF power that is sup-
plied to the load coil and by increasing the nebuliser ﬂow rate. By operat-
ing under such conditions, the prevalence of many argide-based interferences
is greatly reduced. However, the opposite is true for many other types of in-
terferences, e.g. molecular oxides. Moreover, the overall ionisation eﬃciency
decreases, especially for elements with high ﬁrst ionisation energies, whilst the
susceptibility to non-spectral interferences has also been found to increase.39,91,103
Proper selection of the sample introduction system, in combination with opti-
mising relevant instrumental parameters, may also result in a signiﬁcant reduction
of spectral interferences. Examples of these preventive measures include the
use of cooled spray chambers or, in more advanced setups, membrane desolva-
tion systems. These types of introduction systems reduce the amount of water
vapour introduced into the plasma, thereby reducing the intensity of hydride-
and oxide-based interferences, whilst increasing the analytical sensitivity. Fur-
thermore, molecular oxides, in addition to multiply charged interferents, may
be attenuated by simply adjusting e.g. the RF power, the nebuliser gas ﬂow
rate and the sampling depth. Alternatives to Ar-based plasmas have also been
considered for reducing some types of spectral interferences, including mixed gas
(e.g. Ar + N2) and He plasmas. Finally, if all else fails, or for samples of unknown
isotopic composition, the selective isolation of analytes may be required.39,104,105
2.9.2 Non-spectral interferences
The origins of non-spectral interferences have been described extensively in the
literature, even though the mechanisms behind these so-called matrix eﬀects are
not yet fully understood. Initially, the occurrence of non-spectral interferences
was attributed mainly to the manifestation of space-charge eﬀects in the ion
transfer optics, i.e. the defocusing of an ion beam due to the mutual repulsion
of its positively charged ions. As a result of this phenomenon, non-spectral
interferences ought to be more severe for lighter elements, because they are
expelled more easily from the centre of the ion beam. In reality though, a
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number of other phenomena also play an important role, the origins of which
can be traced back to the various components of an ICP-MS instrument (e.g.
the sample introduction system, the ICP and the interface region). To illustrate,
changes in a liquid sample’s physical properties (e.g. surface tension) may alter
its aerosol’s droplet size distribution, which e.g. has an impact on the aerosol
transport eﬃciency. Although a number of these phenomena have been identiﬁed
and described in the literature, to date, no single approach has been proposed to
systematically eliminate all sources of these non-spectral interferences.41,91,106,107
2.9.2.1 Analyte/matrix separation
A logical approach to attenuating non-spectral interferences is to decrease the
absolute concentration of the troublesome matrix. Instead of turning to simple
dilutions, which would obviously have a negative impact on detection limits, this
may be achieved by employing highly selective analyte/matrix separation proce-
dures. However, selectively isolating and quantitatively recovering every single
analyte, from a complex matrix, is often no trivial task. Therefore, most often
only a single analyte, or a few analytes, are isolated and preconcentrated from
their concomitant matrix. Techniques that have been employed previously for
this purpose include e.g. precipitation, co-precipitation, liquid-liquid extraction,
cloud-point extraction and column chromatography.41 In this work, however,
ion-exchange chromatography and extraction chromatography were used. Both
techniques are widely used, e.g. in radioanalytical separation procedures, and are
characterised by their simplicity and a relative ease of use, compared to some
of the other approaches mentioned above. They rely on the use of highly selec-
tive chromatographic resins which are, most often, loaded into plastic columns.
When a liquid sample is brought onto such a column, a partitioning of its com-
ponents, between the liquid mobile phase and the solid stationary phase, takes
place. Typically, one or a few analytes are strongly sorbed onto the stationary
(a) Analyte/matrix separation. 108
Si
gn
al
 In
te
ns
ity
 (c
ps
)
I A
n
a
lyt
e
/I In
te
rn
a
l S
ta
n
da
rd
Time (h)
0.0 x 106
0.2 x 106
0.5 x 106
0.8 x 106
1.0 x 106
0.00
0.25
0.50
0.75
1.00
1.25
0 1 2 3 4 5
l l
l
l
l
l l l l
l
l
l
l
l
l
l l l l l l l
l
l
l
l l
l l l
l
l l l
l l l l l l
l l l l
l l l l l l l
l l
l
l
l
l l l l l l l
l
l
l
l
l l l l l l
l
l
l
l l
l l l l l
l l l l l l l l l l l l
l
l l l l l l
l l
l
l l
l l l l
l
l l l
l l
l
l
l
l
l l l
l l l l l l l l l l
l
l l l
l l l l l l l l l
l l l l l l
Analyte Internal St. Analyte / Internal St.
(b) Internal Standardisation.
Figure 2.14: (a) Example of an oﬄine column chromatographic separation procedure. In this particular
example, the element Ni, whose presence is indicated by the red bands, is isolated and preconcentrated
on columns loaded with Ni Spec extraction chromatographic resin (Eichrom Technologies, USA). (b)
Illustration of the use of internal standardisation to correct for instrumental sensitivity drift.
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phase, permitting their preconcentration from a large sample volume, whilst all
other elements are easily eluted with any of a number of dilute mineral acids or
other complexing agents (see Figure 2.14a). The analytes can then be desorbed
from the column, often sequentially, by modifying the mobile phase.41,109,110
2.9.2.2 Internal standardisation
The most widely used technique for dealing with non-spectral interferences, which
is also used to correct for instrumental sensitivity drift, entails the use of an
internal standard (see Figure 2.14b). In this approach, a known amount of an
internal standard element is added to each blank, sample and calibration standard.
The signal suppression or enhancement that is observed for that element can
then be used to correct for the distortion of analyte signals, assuming that the
internal standard is not inherently present at appreciable concentrations in any of
the samples and that its behaviour is similar to that of the analyte. The most
important parameter that should be considered when selecting an internal standard,
for most analytes, is their respective similarity in mass, followed by similarity in
ﬁrst ionisation energies. In general, for multi-elemental trace analysis of samples,
more than one internal standard is required. Care must be taken, however, as
spectral interferents may arise from the use of such internal standards.41,111,112
2.9.2.3 Alternative approaches
Some of the approaches that have been described for attenuating spectral interfer-
ences, may also be employed for reducing non-spectral interferences, e.g. the use
of alternative introduction systems and mixed-gas plasmas has been described in
the literature. In general though, a plasma that is more robust towards matrix
eﬀects can be obtained by increasing the RF power and by reducing both the
nebuliser gas ﬂow rate and the sample uptake rate. Other strategies for coping
with non-spectral interferences include matrix-matched external calibration, the
method of standard additions and isotope dilution. In all three cases, however, the
concomitant matrix is still introduced into the ICP-MS instrument, which may lead
to issues with respect to memory eﬀects. Furthermore, both the method of stan-
dard additions and isotope dilution are relatively laborious and time-consuming,
making these techniques less suited for multi-elemental trace analysis.41
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3
Instrumentation, reagents
and laboratory ware
This third chapter is devoted, ﬁrstly, to describing the ICP-MS instruments
that were employed during this work. To this end, the two relevant ICP-
MS designs are outlined in some greater detail than in the previous chapter,
which served to provide the reader with a very general overview of the operat-
ing principles and components of this type of instrumentation only. In Chap-
ter 2, the need for high-purity reagents and labware was already emphasised,
as blank levels are most often the limiting factor for ICP-MS detection limits.
With this important consideration in mind, the high-purity consumables and
cleaning procedures used during sample pretreatment are also described below.
Portions of this chapter have been published previously in Tindemans et al.1,2
3.1 Instrumentation
Virtually all quantitative measurements reported upon in this work were car-
ried out using an Element2 single-collector ICP-SFMS instrument (Thermo
Scientiﬁc, Germany). A limited number of analyses were carried out using
an XSeries2 ICP-QMS instrument (Thermo Scientiﬁc, Germany) also.
3.1.1 Element2 ICP-SFMS
The particular Element2 ICP-SFMS instrument used throughout this work had
been outﬁtted with a stainless steel nuclear glovebox. A photograph of a diﬀerent
Element2 instrument, that has been modiﬁed in the same way, is shown in
Figure 3.1a, whilst a schematic overview of its components is given in Figure 3.1b.
It diﬀers from regular instruments in that all components, up to and including the
interface region, are housed in a glovebox that is kept at a slight under pressure.
This type of setup permits the safe analysis of radioactive samples, if desired.
One speciﬁc design feature of the Element2 is the use of a grounded electrode,
enveloping the plasma torch, which helps to reduce the plasma potential and
which improves the sensitivity. The positive ions that are sampled from the
grounded plasma, along with residual plasma gas, through the interface region,
are extracted by an extraction lens (−2 kV), which is positioned just behind the
skimmer cone. The ion beam is then transmitted to the mass analyser by an
electrostatic lens assembly consisting of a focusing lens, X-Y deﬂector lenses, a
beam shaping lens and transfer lenses. The focusing lens focuses divergent ions
onto the mass analyser’s entrance slit, whilst the shaping lens modiﬁes the beam’s
cross-sectional shape into a rectangle, similar to the contours of the entrance
slit. The deﬂector lenses can be used to deﬂect and direct the ion beam through
the entrance slit, whilst the transfer lenses accelerate the ion beam towards the
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mass analyser, with an acceleration voltage of 8 kV. The double-focusing mass
analyser consists of a 90° electrostatic sector, positioned behind a 60° magnetic
sector, in a reverse Nier-Johnson geometry. Its resolving power can be adjusted
by modifying the widths of the mass analyser’s entrance and exit slits to one
of three predetermined values. These are referred to as either Low Resolution
(LR, 300), Medium Resolution (MR, 4000) or High Resolution (HR, 10 000).
Another set of electrostatic lenses, placed in close vicinity of the magnetic and
electrostatic sectors, so-called rotation and focus quadrupoles, can be used to
further ﬁne-tune the ion beam. As the beam emerges from the exit slit, it is
directed to the detector’s conversion dynode (−8 kV) by a deﬂection plate, the use
of which ensures a ﬂat detector response across the mass range. The instrument’s
discrete-dynode electron multiplier, operating in a dual pulse counting/analog
mode, is able to provide a dynamic linear range of up to 9 orders of magnitude.
The instrument’s sample introduction system consisted of a PFA-ST concen-
tric nebuliser (Elemental Scientiﬁc, USA), a number of diﬀerent spray chambers,
a demountable quartz torch and injector (Thermo Scientiﬁc, Germany), and
a SC-2 FAST autosampler (Elemental Scientiﬁc, USA). For elemental analy-
sis, both the sample line and the internal standard line were pumped using
a multichannel peristaltic pump (Spetec, Germany). The two resulting ﬂows
were then mixed online, in a 1:1 ratio, by means of a T-piece (Elemental Scien-
tiﬁc, USA), which was positioned just before the nebuliser. For isotopic anal-
ysis, a low-ﬂow PFA-ST concentric nebuliser (Elemental Scientiﬁc, USA), op-
erated in self-aspirating mode with only a sample line, was employed. The
spray chambers used for elemental analysis included a water-cooled glass double-
pass Scott-type spray chamber (Thermo Scientiﬁc, Germany), an inert PFA
spray chamber (Thermo Scientiﬁc, Germany) and a glass cyclonic spray chamber
(a) Photograph. 113 (b) Schematic representation. 114
Figure 3.1: (a) Photo of a nuclearised Element2 ICP-SFMS, with the side panels of the glovebox not
yet installed. (b) Schematic representation of the components of an Element2 ICP-SFMS. The names
of the components that are housed in the nuclear glovebox are highlighted in red.
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(Glass Expansion, Australia). For isotopic analysis, a specialised quartz dual
cyclonic/Scott-type spray chamber was available (Elemental Scientiﬁc, USA).
The Element2 was tuned daily for maximum sensitivity and stability to count
rates of ≥ 105, ≥ 106 and ≥ 106 counts s−1 per µgL−1 for 7Li+, 115In+ and
238U+, respectively, in the low resolution mode. Essentially, this amounted to
optimising the nebuliser gas ﬂow rate and the torch position on a day-by-day
basis. As most spectral interferences can be easily resolved by operating the
Element2 at higher resolution modes, oxide formation was not taken into account
when tuning the instrument. As a result, the observed oxide formation rate,
Table 3.1: Typical instrument settings for the Element2 ICP-SFMS unit.
Setting/parameter Value/Description
Autosampler ESI SC-2 Fast
Peristaltic pump speed 6 rpm
Peristaltic pump tubing Orange-green (i.d. 0.38mm, sample)
Purple-black (i.d. 2.29mm, waste)
Nebuliser PFA-ST
Aspirating mode Pumped (2 × 125µLmin−1)
Self-aspirated (60µLmin−1)
Spray chamber Water-cooled glass double-pass Scott-type
Glass cyclonic
PFA double-pass Scott-type
Quartz dual cyclonic/double-pass Scott-type
Torch and injector Demountable/Quartz
Sampling cone Ni or Pt (1.0mm aperture diameter)
Skimmer cone Ni or Pt (H-type, 0.8mm aperture diameter)
Guard electrode Enabled
Plasma/Cool gas ﬂow rate 16Lmin−1
Auxiliary gas ﬂow rate 0.8Lmin−1
Sample/Nebuliser gas ﬂow rate† 1.0 to 1.1Lmin−1
Additional gas ﬂow rate 0Lmin−1
RF Power 1250 to 1300W
Torch x-position 0.0mm
Torch y-position 0.2mm
Torch z-position† −2.4 to −1.4mm
Extraction lens −2000V
Focus lens −1700V
X-deﬂection lens −2.8V
Y-deﬂection lens −1.3V
Shape lens 135V
Scan type E-Scan
Detector mode Dual
Pulse counting
Resolution (m/∆m) 300 4000 10 000
Rotation quadrupole 1 0V −8V 4V
Rotation quadrupole 2 −13.5V −4V 0V
Focus quadrupole 1 14V −1V 4V
Focus quadrupole 2 −1.5V −1.5V −1.5V
† Optimised on a daily basis for optimum 7Li+, 115In+ and 238U+ signal intensities and stabilities
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deﬁned as UO+/U+, could range anywhere from 5 to as much as 30%. Doubly
charged ion formation, deﬁned by the Ba2+/Ba+ ratio, was typically around 5%.
Although the medium and high resolution modes can be employed to resolve many
such interferences, in a straightforward manner, their use necessitated the regular
reoptimisation of the voltages on the rotation and focus quadrupoles. Optimising
these high resolution lenses at regular intervals, i.e. every couple of weeks, ensured
that adequate mass resolution and symmetrical peak shapes were maintained.
For medium resolution mode, these lens settings were tuned by observing the
peak shape and mass separation of the adjacent 56Fe+ and 40Ar16O+ peaks. For
high resolution mode, they were optimised by monitoring the 39K+ and 38Ar1H+
peaks. An overview of typical instrument settings is given in Table 3.1.
Mass calibrations in the medium and high resolution modes were carried out
on those days when measurements where made in these modes. In addition,
the accuracy of the higher resolution mass calibrations was veriﬁed throughout
each measurement sequence, by continuously monitoring the mass spectra. If
necessary, the relevant mass oﬀsets were adjusted, iteratively, as required, in the
Element2 software. For the low resolution mode, mass calibration was found
to be necessary only once every couple of weeks. Low, medium and high reso-
lution measurements were each carried out in separate measurement sequences,
sometimes on diﬀerent days. Even though the instrument’s detector was op-
erated in the dual pulse counting/analog mode, for elemental analysis, calibra-
tion standards and samples were prepared such that the signal intensities used
for quantitative purposes could be registered in the pulse counting mode. For
isotopic analysis, the detector was operated purely in the pulse counting mode.
3.1.2 XSeries2 ICP-QMS
The XSeries2 is an ICP-QMS instrument equipped with a collision/reaction cell
for resolving spectral interferences. As with the Element2, the plasma potential is
reduced by placing a grounded screen in between the load coil and the outside
(a) Photograph. 115 (b) Schematic representation. 116
Figure 3.2: XSeries2 ICP-MS.
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of the plasma torch. In this way, ion kinetic energies and the spread thereof
are reduced, which improves the abundance sensitivity of the quadrupole mass
ﬁlter. A photograph and a schematic representation of this type of instrument
are shown in Figures 3.2a and 3.2b, respectively. Here, it can be seen that a
hexapole collision/reaction cell is placed in-between the interface region and the
quadrupole mass ﬁlter. Before reaching this hexapole, however, the ions are ﬁrst
accelerated from behind the skimmer cone into the intermediate-vacuum region
by the extraction lens. The L1-L2 lens assembly then shapes and focuses the ion
beam, prior to introducing it into the hexapole. In the instrument’s standard
operating mode, whereby the collision/reaction cell is vented, this hexapole simply
guides the ions through the cell, using an RF ﬁeld. When the so called Collision
Cell Technology-mode (CCT) is employed, a reaction/collision gas is introduced
into this chamber. The ion beam emerging from the reaction/collision cell is then
Table 3.2: Typical instrument setting for the XSeries2 ICP-QMS unit.
Setting/parameter Value/Description
Autosampler ESI SC-2 Fast
Peristaltic pump speed 19 rpm
Peristaltic pump tubing Orange-green (i.d. 0.38mm, sample)
Red-red (i.d. 1.14mm, waste)
Nebuliser PFA-ST
Aspirating mode Pumped (2 × 500µLmin−1)
Spray chamber Peltier-cooled glass cyclonic
Torch and injector Demountable/Quartz
Sampling cone Ni or Pt (1.1mm aperture diameter)
Skimmer cone Ni or Pt (Xt-type, 0.75mm aperture diameter)
Plasma/Cool gas ﬂow rate 13Lmin−1
Auxiliary gas ﬂow rate 0.7Lmin−1
Sample/Nebuliser gas ﬂow rate† 0.95 to 1.00Lmin−1
RF/Forward power 1300W
Torch x-position/Horizontal 0 to 50
Torch y-position/Vertical 500 to 700
Torch z-position/Sampling depth† 100 to 200
Detector mode Dual
CCT/Standard mode delay 20 s
Mode Standard CCT
Cell gas (7% H2 + 93% He) 0mLmin
−1 4.8mLmin−1
Extraction lens† −100 to −200V −100 to −200V
L1 −1280V −1280V
L2 −83V −83V
L3 −192V −192V
Hexapole bias −4V −20V
Focus lens 12V −10V
DA −33V −33V
D1 −42V −42V
D2 −140V −100V
Quadrupole bias −1V −17V
† Optimised on a daily basis for optimum 7Li+, 115In+ and 238U+ signal intensities and stabilities.
As an additional constraint, CeO+/Ce+ and Ba2+/Ba+ levels were kept < 2%, in standard mode
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extracted, collimated and accelerated towards the focus lens by lens L3. The
focus lens, in turn, focuses the ion beam onto the diﬀerential aperture, which
separates the intermediate-vacuum region from the true high-vacuum analyser
chamber. The D1-D2 lens assembly selectively steers the positively charged ions
oﬀ-axis, whereby photons and neutral species are removed from the beam. A
quadrupole entry lens then focuses the ions into the quadrupole mass ﬁlter, where
they are separated from one another according to their mass-to-charge ratio.
Finally, the resolved ion beam is directed towards the discrete-dynode electron
multiplier, which can operate in a dual pulse counting/analog mode also.
The sample introduction system used with the XSeries2 was very similar to
that of the Element2 described above, except that a Peltier-cooled glass cyclonic
spray chamber was employed (Elemental Scientiﬁc, USA). The instrument was
tuned daily, in the standard mode, to maximise the sensitivities and stabilities for
7Li+, 115In+ and 238U+, whilst ensuring that both CeO+/Ce+ and Ba2+/Ba+
were kept below 2%. In practice, this entailed daily optimisation of the nebuliser
gas ﬂow rate, the torch position and the extraction lens voltage. In the CCT
mode, a premixed blend of H2 (7%) and He (93%) was employed, at a ﬂow rate
of ca. 4.6mLmin−1. CCT-mode performance was evaluated by monitoring the
transmission-loss for 59Co (< 90%) and by visually verifying that the Ar dimers had
been eﬃciently eliminated. When both modes were used together, in a single mea-
surement sequence, a settling time of ca. 20 s was allowed, when switching from one
mode to the other. Typical instrument settings are summarised in Table 3.2.
3.2 Reagents, laboratory ware and cleaning procedures
Exploiting an ICP-SFMS instrument’s superior detection power to its full potential
requires the use of specialised reagents and labware during all steps of sample pre-
treatment. The high-purity materials that were used during this work are therefore
listed below. In addition, the extensive cleaning procedures employed, which were
applied in order to further reduce blank levels and attenuate potential contamina-
tion of materials, are also brieﬂy outlined. Furthermore, the provenance of each
sample and certiﬁed reference material, considered in this work, is described.
3.2.1 Ultra-pure water and mineral acids
Trace metal grade HNO3 (67 - 69wt.%), HF (47 - 51wt.%) and HCl (34 -
37wt.%) were obtained from Fisher Scientiﬁc (Belgium). These trace metal
grade acids and ultra-pure (UP) water with a resistivity of ≥18.2MΩcm (Ar-
ium Pro UV, Sartorius Stedim Biotech, Belgium) were used throughout to treat
samples and prepare chromatographic eluents, calibration standards and dilutions.
3.2.2 Digestion vessels and other recipients
All Falcon tubes, bottles, digestion vessels and other recipients were made of either
HDPE, PP, PFA or PTFE. In order to limit any potential contaminations, these
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items were precleaned, by leaching with 1.5M HNO3 for at least 48 h, before being
rinsed thoroughly with UP water, and air-dried, prior to use. Sealable PTFE diges-
tion vessels (Savillex, USA) were cleaned of contaminants by leaching with concen-
trated mineral acids, at elevated temperatures of 150 to 200 ◦C, on a hotplate. The
exact composition of the leaching solution depended upon the digestion protocol for
which the vessels were destined (i.e. if a sample was to be dissolved in 7.5M HNO3,
then an excess volume of 7.5M HNO3 was used to clean the vessels).
3.2.3 Elemental and isotopic standard solutions
Calibration and isotopic standards were prepared by serial volumetric or gravimet-
ric dilution of commercially available single-element stock solutions (1000mgL−1).
Most of these stock solutions were obtained from CPI (The Netherlands), Johnson
Matthey (UK) and, in the case of Spex Certiprep (UK) solutions, from Boom
BV (The Netherlands). Multi-element stock solutions (10mgL−1), originating
from Spex Certiprep (UK), were used to verify calibration curves, and to prepare
“synthetic” and “mock” samples used in the development and validation of chro-
matographic separation procedures (see Chapters 4 and 5). Lastly, on one occasion,
a 1000mgL−1 stock solution was prepared by dissolving an appropriate amount
of Lu2O3 powder, obtained from Acros Organics (Belgium), in dilute HNO3.
3.2.4 Samples and certiﬁed reference materials
High-purity Pb (> 99.9999%) and Bi (> 99.9995%) powders were purchased from
ESPI metals (USA), whilst two Pb-matrix certiﬁed reference materials (IMN PL33
& PL66) were obtained from the Institute of Non-ferrous Metals (IMN, Poland).
Actual LBE samples were provided to us by Joris Van den Bosch, Ben Caers and
Kris Rosseel of SCK CEN, but were originally purchased from Sidech (Belgium).
Three steel alloy certiﬁed reference materials were obtained from the Na-
tional Institute of Standards and Technology (NIST, USA), in the form of chips
(NIST SRMs 361, 362 & 363). Small samples of genuine high-alloy steels were
obtained through Serguei Gavrilov of SCK CEN. Originally though, these three
diﬀerent types of steel alloys had been purchased from Industeel (Belgium), in
the case of T91 and 316L, or from OCAS (Belgium), in the case of 15-15Ti.
3.2.5 Chromatographic columns and resins
Propylene columns of two diﬀerent sizes, 2mL and 5mL, were obtained from
Triskem International (France). These chromatographic columns were thor-
oughly cleaned by ﬁrst rinsing them with UP water, after which they were
stored in 1.5M HNO3 until needed. On the actual day of use, they were rinsed
ﬁrst with small volumes of the initial eluent and then copiously with UP water.
Four diﬀerent types of chromatographic resins were purchased from Triskem
International (France), namely two ion-exchange resins and two extraction chro-
matographic resins, which are described in greater detail in Chapters 4 and 5. The
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extraction chromatographic Pb Spec (100-150 µm) and TRU Spec (100-150 µm)
resins were used as received. They were simply slurried with a small volume of the
initial eluent to be used in the separation procedure, before being pipetted into
a polypropylene column. The AG 1x4 anion-exchange (100-200mesh) and AG
50Wx8 cation-exchange (100-200mesh) resins, on the other hand, were treated
before use. They were rinsed ﬁrst with UP water, after which the resins were stored
in 0.1M HCl for at least one week prior to use. On the actual day of use, they
were slurried ﬁrst with UP water and then repeatedly with whichever eluent would
be used during the separation procedure, before being pipetted into a polypropy-
lene column. As a ﬁnal step in the cleaning procedure, any column loaded with
one of the four resins was conditioned with 10 to 20mL of the initial eluent.
3.2.6 Other reagents and laboratory ware
Solid samples were collected either by means of cutting shears or by means
of titanium nitride-coated steel (for high-alloy steel samples) or solid tungsten
carbide (for LBE samples) drill bits. A hotplate with a ceramic top plate was
used for sample digestion (VWR, Belgium). Laboratory grade ammonium cit-
rate (> 98wt.%) was purchased from Fisher Scientiﬁc (Belgium). Argon gas
(> 99.999%), used to operate the ICP-SFMS and ICP-QMS instruments, was
obtained either from Air Products (Belgium) or Air Liquide (Belgium).
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(a) Single-element stock solutions. (b) Trace metal grade mineral acids and
laboratory grade ammonium citrate.
(c) Chromatographic columns. (d) Chromatographic resins.
(e) Falcon tubes. (f) Digestion vessel.
Figure 3.3: Overview of reagents and labware.
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4
Multi-elemental trace analysis
of high-alloy steels
In this chapter, the development of an analytical method for the multi-elemental
trace analysis of steel alloys, by means of ICP-SFMS, is described. For this
purpose, three particular types of high-alloy steels were investigated, i.e. those
steel alloys that are being considered for use in the MYRRHA research reactor at
SCK CEN (see Section 1.1.5). Photographs of small samples of the T91, 316L and
15-15Ti high-alloy steels in question are given in Figure 4.1. All three of these
Fe alloys have a high Cr content (> 5%) whilst both 316L and 15-15Ti also have
a similarly high Ni content. In addition to those three main matrix elements, a
number of impurities and alloying elements are also expected to be present. Firstly,
Si, V, Mn, Co, Cu and Mo were identiﬁed as being the most important minor
alloying elements (< 2%). In addition, on the basis of internal communications
at SCK CEN, a list of potentially interesting trace elements comprising B, Al, P,
S, Ti, As, Zr, Nb, Ta and W was compiled also. These target elements were to be
determined by means of ICP-SFMS, but in the presence of a vast excess of Cr, Fe
and Ni and minor amounts of Si, V, Mn, Co, Cu and Mo. In order to attenuate
spectral and non-spectral interferences, which often hamper ICP-MS analyses of
this kind, as well as pronounced memory eﬀects, a highly selective analyte/matrix
separation procedure was developed and applied (see Section 2.9).117,118 To this
end, a column chromatographic separation protocol was devised, which was later
found to be applicable not only to the ultra-trace analysis of B, Al, P, S, Ti, As, Zr,
Nb, Ta andW in these alloys, but also to the determination of a wider range of trace
elements including Be, Ge, Se, Rh, Pd, Sn, Sb, Hf, Re, Ir and Pt. The development
of this highly selective analyte/matrix separation is discussed below, whilst the
procedure’s validation and eventual application are also described. Portions
of this chapter have been published previously in Tindemans et al.2
(a) T91. (b) 316L. (c) 15-15Ti.
Figure 4.1: High-alloy steels under consideration.
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4.1 Introduction
Ideally speaking, a suitable analyte/matrix separation procedure should allow all
target elements to be selectively isolated from each and every matrix element.
Most important, though, was that at least the three main matrix elements Cr, Fe
and Ni were removed. An additional constraint, however, was that the extensive
use of HCl should be avoided. If the proposed procedure were to be applied to
irradiated samples, then it would likely be carried out inside a nuclear glovebox.
Unfortunately, the stainless steel components of such gloveboxes are susceptible
to corrosion by exposure to HCl, which would increase the risk of contaminating
future samples with e.g. Fe. In the past, both trace and macro-quantities of Fe
have been separated from a number of other elements e.g. by using liquid-liquid
extraction or anion-exchange chromatography. However, whereas liquid-liquid
extraction is deemed less practical, anion-exchange separation requires the use of
large amounts of HCl. Furthermore, by employing anion-exchange chromatography,
and using an HCl-based eluent, it is impossible to remove either Cr or Ni from
the target elements. Other chromatographic separation procedures have also
been considered for the isolation and preconcentration of trace Fe, including
e.g. the use of solid-phase extraction. Conversely, the determination of trace
amounts of B in an Fe matrix has been achieved by a combination of matrix
precipitation and cation-exchange chromatography. In this case, however, whilst
matrix removal was highly eﬃcient, the recovery of B was < 40%, as a result
of its coprecipitation with the matrix elements, which necessitated the use of
isotope dilution as a calibration strategy. Naturally, this approach would be
impractical for the determination of a large number of trace elements in a large
number of samples. In this work, we have therefore attempted to develop a
procedure based solely on the use of column chromatography. Initially, it was
envisioned that the matrix elements ought to be selectively retained by a highly
speciﬁc chromatographic resin, whilst all other elements would elute rapidly.
Two candidate chromatographic resins were identiﬁed for this purpose.119–125
The TRU Spec resin was ﬁrst described by Horwitz et al., for the separation and
preconcentration of actinides from acidic media. This particular resin consists of a
(a) (b)
Figure 4.2: (a) The active component of TRU Spec extraction chromatographic resin (octyl(phenyl)-N,N-
diisobutylcarbamoylmethylphosphine oxide). (b) A styrene-divinylbenzene copolymer lattice with sulfonic
acid functional groups, such as the AG 50Wx8 cation-exchange resin, in the hydrogen form. 126
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solution of octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine oxide (CMPO)
in tri-n-butyl phosphate (TBP), which is sorbed on an inert polymeric support.
At the time, this transuranic-speciﬁc resin was shown to have a high aﬃnity for Fe
also. Shortly after, Huﬀ et al. reported distribution coeﬃcients on TRU Spec resin
in acidic media for a larger number of elements. Their combined data suggest
that this resin should have a limited aﬃnity for most elements in HNO3 media,
unfortunately, however, that includes Cr and Ni. Exploratory experiments with
HNO3- and HF-based eluents conﬁrmed this to be the case. As a result, further
investigation of this resin was abandoned. In addition, as the resin’s active compo-
nent is a solution of CMPO in TBP, the determination of P would have been all
but impossible due to the severe contamination of the eluate by the resin.127–129
The AG 50Wx8 strongly acidic cation-exchange resin is composed of sulfonic
acid functional groups attached to a 8% cross-linked styrene-divinylbenzene
copolymer lattice (see Figure 4.2b). Although Nelson et al. studied the aﬃnity
of a large number of elements towards the AG 50Wx8 cation exchange resin in
HCl media extensively, data on their aﬃnity for similar resins in HNO3 or HF
media is much sparser. Nonetheless, from the data available, it can be concluded
that Cr, Fe and Ni ought to be retained on the resin in dilute HNO3/HF media.
At the same time, a large number of the minor alloying elements and impurities
should exhibit little or no aﬃnity towards the resin in these types of media. As a
result, this resin was considered promising and its use was pursued further.130–132
4.2 Experimental
The reagents and labware employed in the preparation of blanks, standards,
samples and eluents were described in Chapter 3. Chapter 3 also included
a general overview of the Element2 ICP-SFMS’s typical instrumental param-
eters. Speciﬁcally for the experiments described in Chapter 4, an inert PFA
double-pass Scott-type spray chamber, and T-piece positioned just before the
nebuliser, were used. This T-piece was used to mix the sample and the internal
standards, both pumped, online in a 1:1 ratio. Unless otherwise stated, this
instrument was employed for quantitative analysis. The relevant data acquisition
parameters are discussed below, as well as the sample preparation procedures.
4.2.1 Data acquisition parameters
The elements Li, Sc, Ga, Sr, In, Eu and Th were monitored as internal stan-
dards, in at least one resolution mode, because these cover the greater part
of the mass range (see Section 2.9.2.2). The nuclides of Be, B, Zr, Nb, Rh,
Pd, Sn, Sb, Hf, Ta, W, Re, Ir, Pt were measured only in low resolution mode,
whilst those of Al, Si, P, S, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Mo and those of
Ge, As, Se were measured in medium and high resolution mode, respectively.
In the case of the target elements, two of the most abundant nuclides, free
from isobaric interference, were monitored whenever possible. Generally speak-
ing, the most abundant nuclide was used most often for quantitative analy-
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Table 4.1: Typical data acquisition parameters for the Element2 ICP-SFMS unit.
Setting/parameter Value/Description
Resolution (m/∆m) 300 4000 10 000
Runs 6 6 6
Passes 12 6 6
Dwell time 10ms 20ms 20ms
Mass window 5% 100% 125%
Integration window 5% 60% 60%
Samples per peak 100 20 20
Element Nuclides 9Be, 10B, 11B, 90Zr,
91Zr, 93Nb, 103Rh,
104Pd, 105Pd, 118Sn,
119Sn, 121Sb, 123Sb,
178Hf, 179Hf, 181Ta,
182W, 183W, 185Re,
187Re, 191Ir, 193Ir,
194Pt, 195Pt
27Al, 29Si, 30Si, 31P,
32S, 34S, 47Ti, 49Ti,
51V, 52Cr, 53Cr,
55Mn, 56Fe, 57Fe,
59Co, 60Ni, 62Ni,
63Cu, 65Cu, 95Mo,
97Mo
72Ge, 73Ge, 75As,
77Se, 78Se
Internal standard
nuclides
7Li, 45Sc, 69Ga, 88Sr,
115In, 153Eu, 232Th
45Sc, 69Ga 45Sc, 69Ga, 88Sr
sis. Typical data acquisition parameters are summarised in Table 4.1. Calibra-
tion standards and sample dilutions were prepared such that the instrument’s
detector always operated in the pulse counting mode for quantitative analysis.
4.2.2 Sample preparation procedures
Simple “synthetic” samples were prepared by serial volumetric dilution of multi-
element and single-element (in the case of Fe) stock solutions in such a way
that these samples contained 2mgL−1 Fe and 0.2mgL−1 of all other elements.
Real samples were prepared by digesting portions of the steel alloys under
investigation. The high-alloy steel was ﬁrst drilled with a metal drill bit to a
depth of ca. 2 to 3mm, after which the material originating from this surface layer
was collected and discarded (in order to remove potential surface contaminants).
The same metal drill bit was then used to drill further down into the sample,
after which the drillings from the sub-surface layers were collected for quantitative
analysis. For sample digestion, ca. 0.5 g metal was weighed accurately in a sealable
PTFE digestion vessel. A 2.5mL aliquot of HCl was pipetted into this vessel,
followed by a 2.5mL aliquot of HNO3 and 0.25mL of HF. The vessel was then
closed and placed on a hotplate at 175 ◦C for 8 h, after which it was left to cool
before being opened. Visual inspection revealed that the bulk of the material
had usually dissolved at this stage, although the solution was most often not yet
clear. Therefore, a 1.75mL aliquot of UP water was pipetted into the vessel, after
which it was closed and placed on a hotplate at 200 ◦C for another 8 h. After
cooling, ca. 18mL of UP water was pipetted into this vessel, bringing the total
volume to ca. 25mL. The sample solution then contained at most 20 000mgL−1 Fe
and acids at concentrations of, at most, 1.5M HNO3, 1.2M HCl and 0.3M HF.
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Figure 4.3: Solutions of digested high-alloy steels and certiﬁed reference materials. Shown from left
to right are NIST SRM 361, NIST SRM 362, NIST SRM 363, T91, 316L and 15-15Ti. The certiﬁed
reference materials are alloyed to a lesser extent than the high-alloy steels under investigation, as is
apparent from the solutions’ distinctly diﬀerent colors. The 316L and 15-15Ti’s higher Ni content,
compared to T91, results in an even more vibrant emerald green color.
Certiﬁed reference materials, obtained in the form of chips, were digested
in the same way as drillings from real samples. A photograph of a number
of dissolved high-alloy steels and certiﬁed reference materials is shown in Fig-
ure 4.3. Procedural blank samples were also prepared in the same manner as these
samples, except that no actual solid material was placed in the digestion vessel.
“Mock” samples used in the development and validation of the analytical
method were also prepared by ﬁrst digesting drillings, as described in the previ-
ous paragraphs (mock samples prepared for validation purposes were all pre-
pared from T91 steel drillings). A 4.4mL aliquot of the resulting solution
was spiked with 0.2mL of three diﬀerent 10mgL−1 multi-element stock solu-
tions, such that the amount of spike added would be equivalent to an additional
20 µg g−1 amount of each of the target elements in the original solid material.
4.3 Results and discussion
The AG 50Wx8 cation-exchange resin had been selected for the development of
a highly-selective analyte/matrix separation procedure, which would facilitate
the multi-elemental trace analysis of high-alloy steels by means of ICP-SFMS. A
literature review had already indicated that this resin would exhibit a high aﬃnity
for the matrix elements Cr, Fe and Ni in dilute HNO3 media, whilst it ought to
exhibit little to no aﬃnity towards many of the target elements in those same dilute
HNO3 media. Nevertheless, the supposed behaviour of a number of elements, in
dilute acidic media, was ﬁrst corroborated through a series of simple experiments.
These results were then used to develop a highly selective analyte/matrix separation
procedure, which was subsequently validated and applied to real samples.
4.3.1 Development of an analyte/matrix separation procedure
The aﬃnity of the following elements B, Al, P, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, As,
Mo, Zr, Nb, Ta and W towards the AG 50Wx8 resin, in acidic media (dilute HNO3,
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HCl, HF), was investigated. The behaviour of all these elements was studied
by loading a 1mL aliquot of a synthetic sample onto a 5mL column containing
AG 50Wx8 resin. Such samples were then eluted using a variety of eluents
with various HNO3 (0.15M, 0.3M, 0.75M, 1.5M, 3M, 4.5M), HCl (0M, 0.12M,
0.24M, 0.6M, 1.2M) and HF (0.003M, 0.012M, 0.3M) concentrations. Based on
the experimental data obtained, the separation procedure was optimised in terms
of the acid concentrations in the eluent. In essence, the HNO3 concentration in the
eluent needed to be suﬃciently low to ensure retention of Cr, Fe and Ni, as was
expected, whilst the HF concentration needed to be high enough to ensure rapid
elution of Al, Ti, Zr, Nb and W. As an example of matrix element behaviour,
Figure 4.4a depicts elution proﬁles of Ni for a range of HNO3 concentrations, at a
constant 0.012M HF concentration. This shows that Ni is retained fully on the
resin at molarities≤ 1.5M, whilst the adsorbability is expected to be highest at 0.15
M HNO3. As an example of target element behaviour, Figure 4.5a depicts elution
proﬁles of Zr for the same range of HNO3 concentrations, showing that Zr is eluted
rapidly from the resin at all molarities studied. Figure 4.5b depicts elution proﬁles
of Zr for a range of HF concentrations, at a constant 0.3M HNO3 concentration.
Although these elution proﬁles show that a concentration of 0.012M HF in the
eluent ensured rapid elution of Zr, a concentration of 0.3M HF was found to be
necessary in order to rapidly elute all target elements that readily form ﬂuoride
complexes (e.g. Ti). Rapid elution of the target elements ensures good separation
from the matrix elements, if the latter are strongly bound to the resin under the
same conditions. Figure 4.4b reveals that HF concentrations of up to 0.3M do not
impede retention of the matrix element Ni on the AG 50Wx8 resin, and a similar
observation was made for the two other matrix elements, Cr and Fe. Whilst the
use of HCl was found to be essential for the actual digestion of real high-alloy steel
samples, it was feared that the presence of this HCl in the digested samples might
still reduce the resin’s aﬃnity for a matrix element such as Fe. However, as shown
in Figure 4.4c and Figure 4.5c, the presence of HCl at concentrations up to 1.2M
in the eluent did not aﬀect elution behaviour adversely. Although the behaviour
of only two elements is elaborated upon here, comparable elution proﬁles were
generated for all elements for which the adsorbability onto the AG 50Wx8 resin
was studied. These additional elution proﬁles can be found in the appendix to
this chapter, with the exception of those obtained for Cr. For that particular
element, no reliable results were obtained in these exploratory experiments, since
no reliable recoveries could be determined, because Cr’s background level in the
column’s eluate was found to increase and vary substantially at the highest acid
concentrations studied. As such, the behaviour of Cr was initially assumed to
be similar to that of Fe and Ni. Generally speaking, when using a 0.15M HNO3
/ 0.3M HF eluent, the elements V, Cr, Mn, Fe, Co, Ni and Cu have a high
aﬃnity towards the AG 50Wx8 resin; whilst B, Al, P, Ti, As, Zr, Nb, Mo, Ta
and W are rapidly eluted. The elements initially retained on the column can then
be stripped with a 7.5M HNO3 / 0.3M HF eluent and determined separately.
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The analyte/matrix separation procedure was then applied to mock sam-
ples, which had much higher concentrations of the matrix elements compared
to the synthetic samples. In addition, the elution behaviour of a larger number
of elements, when using a 0.15M HNO3 / 0.3M HF eluent, was investigated.
Experiments with these mock samples revealed that the procedure could most
likely also be used for the determination of Be, S, Ge, Se, Rh, Pd, Sn, Sb,
Hf, Re, Ir and Pt. Conversely, it was deemed unlikely that it could be used
for the determination of Li, Ga, Rb, Sr, Ru, Cd, In, Cs, Ba, Tl, Pb or U in
high-alloy steels. However, it should be noted that none of the rare-earth ele-
ments were considered in these experiments. The separation protocol was then
applied to mock samples prepared from the three diﬀerent types of high-alloy
steels T91, 316L and 15-15Ti, from which three individual elution proﬁles could
be generated for each element, which are all provided in the appendix to this
chapter (an example is shown in Figure 4.8). The consistency of these elution
proﬁles was considered to be testament to the reproducibility of the procedure.
In the optimised procedure, a 1mL aliquot of a digested sample, containing
ca. 10 000 to 20 000mgL−1 Fe and, at most, 1.5M HNO3, 1.2M HCl and 0.3M
HF, is loaded onto a 5mL AG 50Wx8 column (see Figure 4.6). Most of the
trace elements and minor elements are easily stripped from the column by eluting
with 9mL of a 0.15M HNO3 / 0.3M HF eluent (Fraction T). The remaining
elements V, Cr, Mn, Fe, Co, Ni and Cu are eluted using 30mL of a 7.5M
HNO3 / 0.3M HF eluent (Fraction M). Examples of elution proﬁles, for all of
the elements considered in this work, obtained by applying the analyte/matrix
separation procedure to a mock sample prepared from 15-15Ti steel, are presented
in Figure 4.8. Two other series of elution proﬁles, obtained for mock samples
prepared from T91 and 316L, can be found in the appendix to this chapter.
Approximately 5% of the total Cr content of a high-alloy steel, i.e. < 1% of
the initial matrix, elutes prematurely and is found in the ﬁrst fraction containing
target elements (Fraction T). Initially, the presence of relatively large amounts of
HCl, in the digested sample solutions, was suspected of lying at the root of this
Figure 4.6: Four 5mL chromatographic columns
placed in a rack, each loaded with slurried AG
50Wx8 cation-exchange resin.
Figure 4.7: (left) A 1000mgL−1 Cr stock solution.
(right) A 1000mgL−1 Cr stock solution that has
been heated on a hotplate at ca. 200 ◦C.
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problem. However, the problem could not be alleviated by evaporating a sample
to incipient dryness and then taking it up again in dilute HNO3 and HF. Further
still, in that one single experiment, the opposite appeared to be true, as more of
the Cr was found to elute prematurely in comparison to previous observations.
It was then postulated that the speciation of Cr changes as a sample undergoes
heating. In a separate experiment, it was found that prolonged heating did indeed
result in an increase of the amount of Cr that broke through. Two 10mL aliquots
of a 1000mgL−1 Cr stock solution were collected, one of which was stored in a
Falcon tube whilst the other was pipetted into a sealable PTFE digestion vessel.
The digestion vessel was then closed and placed on a hotplate at ca. 200 ◦C for
three successive 8 h periods. A change in the colour of the solution could be
observed (see Figure 4.7), possibly indicative of a change in speciation. The
heated and the untreated aliquot were then subjected to the separation procedure
alongside each other, in duplicate. For this particular experiment, measurements
were performed not using an Element2 ICP-SFMS unit but using an XSeries2
ICP-QMS unit, operated in the CCT mode. In the case of the heated sample,
6.5% and 7.4% of the Cr broke through prematurely, whereas this was only ca.
0.5% for the untreated sample. Prolonged heating was thus shown to indeed
result in an increase in the amount of Cr that eluted prematurely, for reasons
not fully elucidated. However, this issue was not investigated further. The minor
element Mo, constituting ca. 1 to 2% of the total of each steel alloy matrix, also
co-elutes with the target elements. Given that the amount of Mo eluting with
the target elements exceeds that of prematurely eluting Cr, no further eﬀort was
made to reduce the amount of Cr that breaks through. In the case of Fe and
Ni, in contrast to Cr, > 99.9% could be separated from the target elements.
However, in an additional experiment, it was found that as much as 10% of Fe
could elute from the AG 50Wx8 column prematurely if the HCl concentration
in the digested sample was doubled to 2.4M, instead of being limited to 1.2M.
4.3.2 Validation and application of the procedure
Validation of the procedure was carried out by analysing three types of samples.
Firstly, the procedure was applied to three steel alloy matrix certiﬁed reference
materials (NIST SRMs 361, 362 and 363). Secondly, to evaluate the procedure
for the determination of elements not present in the Certiﬁed Reference Materials
(CRMs) nor in the real samples under study, the procedure was also applied to
one type of mock sample (prepared from T91 steel). Thirdly, the procedure was
applied to three real high-alloy steel samples (T91, 316L and 15-15Ti). Procedural
Quantiﬁcation Limits (QL, 10s) were determined by analysing ﬁve procedural
blanks. The procedural QLs for all the trace and minor elements, found in fraction
T, are shown in Table 4.2. These were calculated as if the procedural blank signal
originated from a 0.5 g metal sample. These QLs ranged from low ng g−1 levels
for Re and Hf to sub-mg g−1 levels for S. All analyses of samples for validation
purposes were carried out in quintuplicate (n = 5) under reproducibility conditions.
For each replicate analysis, separate aliquots of any particular solid sample were
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digested on diﬀerent days. ICP-SFMS measurements for each of the replicates
were also carried out on separate days using diﬀerent calibration standards.
The certiﬁed values and information values (in brackets) of the three CRMs
are shown in Table 4.3, along with the experimentally determined concentrations
for the target elements recovered in fraction T. For those target elements of
which the concentrations in the three CRMs are certiﬁed, the experimentally
determined concentrations were generally found to be in good agreement with
the corresponding certiﬁed values. The experimentally determined concentrations
of B, Al, Ti, As, Zr, Nb, Sn, Sb, Ta and W lay within a range of −7% to +7%
with respect to these certiﬁed values for NIST SRM 361, whilst laying in a range
of −17% to +19% of certiﬁed values for NIST SRM 362. In the case of NIST
SRM 363, they lay within a range of −8% to +4% for B, Al, Ti, As, Zr, Nb,
Sn and W with respect to certiﬁed values; excluding a value of ca. −20% for Sb
(because the relative uncertainty associated with the certiﬁed value was 50%).
For P, a similar bias was observed for all three CRMs (ca. −15%), whilst the
attainable procedural QL for S was found to be too high to draw any conclusions
for that particular element. Unravelling the reason behind the observed bias for
P (e.g. loss of volatile species during digestion) was assessed by the author to
be beyond the scope of the current study. Information values available for Se
were also in good agreement with experimental values for two of the three CRMs,
whilst experimental values for Ge and Hf were found to be considerably lower
than their respective information values. When analysing mock samples, however,
adequate recoveries (see next paragraph) were obtained for both Ge and Hf.
Recoveries of target elements from mock samples, prepared by spiking dis-
solved T91 steel with multi-element stock solutions, were around 100%, within
the reproducibility uncertainty (k = 2). For those target elements found to
be present in T91 steel at concentrations of no more than 10 µg g−1, the recov-
eries are shown in Table 4.4. These ranged from 98% for B to 106% for Zr.
Most importantly, excellent recoveries were also obtained for both Ge (102%)
and Hf (99%), which had not been the case for the three CRMs.
Finally, samples of the three real high-alloy steel types under consideration
(T91, 316L and 15-15Ti) were subjected to the optimised procedure. Experi-
mentally determined concentrations of all trace and minor elements recovered
from fraction T are presented in Table 4.5, while values for minor and ma-
trix elements recovered from fraction M are presented in Table 4.6 (the latter
purely for information purposes). When combining the data presented in Ta-
bles 4.5 and 4.6, for the three samples under consideration, quantitative recovery
was obtained in each case. None of these high-alloy steel samples (T91, 316L
and 15-15Ti) were found to contain measurable levels of Be, S, Se, Hf or Ir.
4.4 Conclusions and outlook
A quick, simple and eﬃcient analyte/matrix separation procedure, facilitating
the determination of more than twenty target elements in a high-alloy steel
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matrix, has been successfully developed. The matrix elements Cr, Fe and Ni
are retained on an AG 50Wx8 cation exchange resin, whilst all of the the target
elements elute rapidly. With the proposed procedure, Be, B, Al, Si, P, S, Ti,
Ge, As, Se, Zr, Nb, Mo, Rh, Pd, Sn, Sb, Hf, Ta, W, Re, Ir and Pt can be
isolated from the matrix elements Cr, Fe and Ni. In the case of Fe and Ni, matrix
separation eﬃciency is >99.9%, whilst for Cr it is limited to >90%. Overall,
around 97.5% of the total matrix could be separated from the target elements
for the three high-alloy steels under consideration (T91, 316L, 15-15Ti).
The optimised procedure was validated by analysing (i) steel alloy CRMs,
(ii) mock samples and (iii) real high-alloy steels. Experimental results were
generally found to be in good agreement with certiﬁed values, for all three
CRMs, whilst spike recoveries were around 100% when analysing mock sam-
ples. Procedural QLs (10s) were determined by analysing procedural blanks,
which resulted in optimum values at low ng g−1 levels for both Re and Hf.
Finally, the procedure developed was applied to real steel alloy samples.
The procedure developed in this work was aimed speciﬁcally at the analysis of
T91, 316L and 15-15Ti high-alloy steels, alloys with a high Cr, Fe and Ni content.
Self-evidently, however, the procedure can also be applied to other types of alloys or
even other types of samples, such as iron meteorites or high-purity Fe and Ni.
4.5 Appendix
The aﬃnity of B, Al, P, Ti, V, Mn, Fe, Co, Ni, Cu, As, Mo, Zr, Nb, Ta and
W, towards the AG 50Wx8 resin, in acidic media, was investigated as described
in section 4.3.1. Elution proﬁles obtained for each of these elements, using a
variety of HNO3, HCl and HF-based eluents, are shown in Figures 4.9 - 4.24,
respectively. Varying the concentration of any acid in the eluent, whilst keeping
the concentrations of the other two constant, was found to have no discernible
or only a limited impact on the elution proﬁles of B, P, As, Nb or Ta. Each
of these elements could be quantitatively recovered from the ﬁrst 4 to 8mL of
eluate, using any of the eluents under consideration. In addition, varying either
the HNO3 or HCl concentration in the eluent was found to have little impact on
the elution proﬁles of Ti, Zr, Mo or W. However, at higher HF concentrations,
these elements were eluted more rapidly (especially Ti and Zr). Conversely,
the adsorbability of Al on the AG 50Wx8 resin was found to be higher at low
HNO3, HF and HCl concentrations. However, by increasing any of the acid
concentrations in the eluent, Al could be stripped from the cation-exchanger.
Furthermore, it was found that the ﬁrst row transition metals V, Mn, Fe, Co, Ni
and Cu could be retained on the resin when the eluent contained only ≤ 0.75M
HNO3, whilst an eluent containing 4.5M HNO3 resulted in rapid elution of these
elements. The use of up to 1.2M HCl in the eluent was not found to impede their
retention on the resin, with the exception of V. Moreover, the use of higher HF
concentrations in the eluent was found to have little impact on the elution proﬁles
of any of these elements. Lastly, although no reliable elution proﬁles could be
4.5. Appendix 67
constructed for Cr, as was already mentioned before, its behaviour was assumed
to be similar to the previously mentioned series of ﬁrst row transition metals.
Examples of elution proﬁles, for a larger number of elements, obtained by
applying the analyte/matrix separation protocol to mock samples prepared from
T91, 316L and 15-15Ti steel, are shown in Figures 4.25, 4.26 and 4.27.
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5 Multi-elemental trace analysis
of lead-bismuth eutectic
In this chapter, the development and application of an analytical procedure for
the determination of trace elements in Lead-Bismuth Eutectic (LBE), by means
of ICP-SFMS, is described. Whereas the multi-elemental trace analysis of T91,
316L and 15-15Ti high-alloy steels was the subject of Chapter 4, this chapter
deals with the determination of trace elements in the MYRRHA reactor’s heavy
liquid metal coolant, which is to be in direct physical contact with the steel
alloys investigated previously (see Section 1.1.4). Photographs of two solidiﬁed
LBE samples are shown in Figure 5.1. As was the case for high-alloy steel
samples, the accurate and precise analysis of LBE samples by means of ICP-MS
is hampered by the occurrence of spectral and non-spectral interferences (see
Section 2.9). However, compared to steel alloys, the LBE matrix is a fairly simple
one, consisting mainly of Pb (ca. 45wt.%) and Bi (ca. 55wt.%). As a result,
the formation of matrix-induced spectral interferents becomes more predictable
and therefore, less troublesome. Nonetheless, non-spectral interferences still
impede the accurate determination of trace elements in this type of a matrix.
As already stated, the occurrence and manifestation of these matrix eﬀects may
be particularly diﬃcult to predict a priori. On one occasion, when analysing
a solution containing ca. 40mgL−1 of both Pb and Bi, a signal suppression of
ca. 20% was encountered, whilst a signal enhancement of equal magnitude was
observed on a diﬀerent occasion (albeit using a diﬀerent sample introduction
system). Therefore, it was deemed desirable also to perform an analyte/matrix
separation prior to analysing digested LBE samples by means of ICP-SFMS. Firstly,
however, a list of potentially relevant target elements had to be compiled.
(a) LBE ingot. (b) LBE rods.
Figure 5.1: Lead-bismuth eutectic samples.
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The ﬁrst row transition elements V, Cr, Mn, Fe, Ni, as well as Nb and Mo,
are common alloying elements in high-alloy steels such as T91, 316L and 15-15Ti
(see Chapter 4). Corrosion products taken up by the LBE are therefore likely
to consist of a number of these elements. In addition, the elements Ti, Cu,
Ag, Cd and Tl are common impurities found inherently in LBE. Any of the
elements above could give rise to unwanted radiotoxic nuclides, due to exposure
to neutron radiation, or could otherwise hamper reactor operation. Further-
more, the determination of radionuclides of Co, Tc, Te, Po, Th, U and Pu will
also be important in the future, in the context of safety and radiation protec-
tion. In this study, naturally occurring nuclides of these elements (e.g. 59Co)
or chemical analogues (e.g. Re, Te, Ce) were considered as proxies for their ra-
dionuclidic counterparts (e.g. 60Co, Tc, Po, Pu). Taking all of the above into
account, a list of potentially relevant target elements consisting of Ti, V, Cr,
Mn, Fe, Co, Ni, Cu, Nb, Mo, Ag, Cd, Te, Ce, Re, Tl, Th and U was arrived
at. These elements, expected to be present at µg g−1 or sub-µg g−1 levels in
the solid material, had to be determined in the presence of a vast excess of the
matrix elements Pb and Bi. A second chromatographic analyte/matrix separation
protocol was therefore devised, to separate selectively both Pb and Bi from the
target elements listed above. The development, validation and application of this
highly selective analyte/matrix separation procedure is discussed below. Portions
of this chapter have been published previously in Tindemans et al.1
5.1 Introduction
A suitable analyte/matrix separation procedure, facilitating the accurate trace
analysis of LBE samples by means of ICP-SFMS, ought to be capable of selectively
removing macro quantities of both Pb and Bi from a wide variety of target
elements including Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Nb, Mo, Ag, Cd, Te, Ce, Re,
Tl, Th and U. As in Chapter 4, column chromatography was considered for
this purpose, due to its simplicity and relative ease of use. Although only two
matrix elements need to be isolated, compared to the case of the high-alloy steels,
accomplishing this proved to be somewhat more problematic. To complicate
matters further, for reasons already discussed in Section 4.1, the use of HCl had
to be avoided. As such, to the best of the author’s knowledge, whilst respecting
the above requirements, no single chromatographic resin was believed capable
of selectively removing macro quantities of both Pb and Bi from such a wide
variety of target elements. Consequently, two separate chromatographic resins had
to be selected, each capable of retaining either Pb or Bi in an HNO3/HF-based
medium, whilst having only a limited aﬃnity towards most of the target elements.
AG 1x4 is a strongly basic anion-exchange resin with quaternary ammonium
functional groups attached to a 4% cross-linked styrene-divinylbenzene copolymer
lattice (see Figure 5.2a), which ought to retain Bi selectively in dilute HNO3
media. Nelson et al. ﬁrst studied the adsorbability of both Bi and Pb on a similar
resin (Dowex 1), in HNO3 as well as in HCl media. They demonstrated that, in
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HNO3 media, the anion-exchange resin exhibits only a limited aﬃnity towards
Pb, but a more pronounced aﬃnity towards Bi. Their results suggested that
at least one type of negatively charged Bi-nitrate complex is present in nitric
acid media, probably one with four nitrate ligands. Conversely, retention of Pb
in dilute HNO3 media was so limited that, in that study, only the essentially
unretained elements or the very strongly retained elements could be separated
from Pb. In dilute HCl media, in contrast, the maximum adsorbability of Pb and
Bi was shown to be considerably higher than in HNO3 media. A decade later,
Faris et al. reported distribution coeﬃcients, for a large number of elements, for
a strongly basic anion-exchange resin (Dowex 1x10) over a wide range of HNO3
concentrations. Their data suggest that, apart from the matrix element Bi, out of
all the target elements, only Mo, Ce, Re, Tl, Th and U would show any appreciable
retention on a similar anion-exchange resin in HNO3-based media.
133–135
The Pb Spec extraction chromatographic resin was ﬁrst developed by Horwitz
et al., for the isolation of Pb from geological samples. The active component of this
resin is a crown ether, i.e. di-(tert-butylcyclohexano)-18-crown-6 (see Figure 5.2b),
in an isodecanol solution sorbed onto an inert polymeric support. Previously,
Horwitz et al. had also described the Sr Spec resin, which contained the same
crown ether at a higher concentration, but which utilised octanol instead of isode-
canol as a diluent. At the time, this resin was shown to exhibit a remarkably
high aﬃnity towards Sr and Pb in HNO3 media, so high that it was very diﬃcult
to strip Pb from the resin. By using a higher molecular weight alcohol diluent,
such as isodecanol, instead of octanol, Pb could be stripped more easily from the
resin, while the resin’s aﬃnity towards Pb still remained relatively high. Still,
in order to be able to eﬃciently strip away macro quantities of Pb from a Pb
Spec column, the authors had to use a 0.1M ammonium citrate eluent. Thus
far, the Pb Spec resin has been applied mainly to the highly selective precon-
centration of trace amounts of Pb isotopes from a variety of matrices, although
Yourd et al. successfully developed an online analyte/matrix separation procedure
for the determination of trace elements in Pb bullets for forensic purposes.136–142
(a) (b)
Figure 5.2: (a) A styrene-divinylbenzene copolymer lattice with quaternary ammonium functional groups,
such as the AG 1x4 anion-exchange resin, in the nitrate form. (b) The active component of Pb Spec
and Sr Spec extraction chromatographic resins (di-(tert-butylcyclohexano)-18-crown-6). 126
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5.2 Experimental
The reagents and labware employed in the preparation of blanks, standards, sam-
ples and eluents have been described previously in Chapter 3. That chapter
also included an overview of typical instrumental parameters of the Element2
and XSeries2 ICP-MS units. For the speciﬁc purposes of these experiments,
the sample introduction system of the Element2 ICP-SFMS included a water-
cooled glass double-pass Scott-type spray chamber or, on one occasion, a glass
cyclonic spray chamber. In addition, a T-piece, positioned just before the neb-
uliser, was used to mix online the ﬂows of the sample line and the internal
standard line, both pumped, in a 1:1 ratio. Unless stated otherwise, all quanti-
tative measurements were performed using this Element2 unit. The ICP-SFMS
instrument’s relevant data acquisition parameters are discussed below, followed
by a detailed description of the relevant sample pretreatment procedures.
5.2.1 Data acquisition parameters
The elements Sc, Y, Rh, Lu, Ir and Th were monitored as internal standards, in at
least one resolution mode, because these cover the greater part of the mass range
(see Section 2.9.2.2). The nuclides of Ni, Cu, Nb, Mo, Ag, Cd, Te, Ce, Re, Tl, Pb,
Bi, Th, U and those of Ti, V, Cr, Mn, Fe, Co were measured in the low and medium
resolution mode, respectively. In the case of the target elements, two of the most
abundant nuclides, free from isobaric interference, were monitored whenever possi-
ble. Generally speaking, the most abundant nuclide was used for quantitative pur-
poses. Typical data acquisition parameters are summarised in Table 5.1. Calibra-
tion standards and dilutions were prepared such that the instrument’s detector was
always able to operate in the pulse counting mode for quantitative analysis.
Table 5.1: Typical data acquisition parameters for the Element2 ICP-SFMS
Setting/parameter Value/Description
Resolution (m/∆m) 300 4000
Runs 6 5-6
Passes 12-20 10-12
Dwell time 10ms 20ms
Mass window 5-60% 90-100%
Integration window 5-10% 40-60%
Samples per peak 100-25 25-20
Element Nuclides 60Ni, 62Ni, 63Cu, 65Cu,
93Nb, 95Mo, 98Mo, 107Ag,
109Ag, 110Cd, 111Cd,
125Te, 126Te, 140Ce,
142Ce, 185Re, 187Re, 203Tl,
205Tl, 206Pb, 207Pb,
208Pb, 209Bi, 232Th, 238U
47Ti, 49Ti, 51V, 52Cr,
53Cr, 55Mn, 56Fe, 57Fe,
59Co
Internal standard nuclides 45Sc, 89Y, 103Rh, 175Lu,
193Ir, 232Th
45Sc, 89Y
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5.2.2 Sample preparation procedures
Simple “Synthetic” samples, used in exploratory experiments, were prepared by
volumetric serial dilution of multi-element and single-element (in the case of
Cr, Fe, Ni, Cu) stock solutions, in such a way that the ﬁnal sample solution
contained ca. 2mgL−1 of Cr, Fe, Ni, Cu and 0.2mgL−1 of each other element.
“Mock” samples were prepared by digesting high-purity Pb and Bi powders, in
the same ratio as in LBE, and spiking the resulting solution with small amounts
of the target elements. For digestion, ca. 0.45 g of Pb powder and ca. 0.55 g of Bi
powder were weighed accurately in a sealable PTFE digestion vessel. UP water
and an aliquot of a solution containing the target elements were then pipetted
into this vessel (totaling 2.25mL), followed by 0.25mL of 0.25M HF and 2.5mL
of concentrated HNO3. This generally initiated an almost instantaneous reaction,
the sample solution then being left to stand for at least 1 h. On the few occasions
where there was no spontaneous reaction, the solution was heated gently on
a hotplate at ca. 50 to 75 ◦C for at least 1 h. Once all apparent reaction had
ceased, another 5mL of UP water was added. If still opaque at that point, the
solution would then become clear, revealing a silvery-grey residue. The closed
digestion vessel was then placed on a hotplate at ca. 125 to 150 ◦C, for at least
2 h, until the remaining residue was found to be completely dissolved upon visual
inspection. The solution was then left to cool and a further 15mL of UP water
was added before reweighing the vessel. The resulting solution contained ca.
20 000mgL−1 of Pb and of Bi and ca. 0.02 to 0.2mgL−1 of the target elements,
depending on the amount of spike added, in a dilute acidic matrix consisting of,
at most, 1.5M HNO3 and 2.5mM HF. The amount of spike added was equivalent
to ca. 0.5 to 5 µg g−1 of each of the target elements in a solid LBE sample.
“Real” LBE samples were prepared in the same way as mock samples, ex-
cept that chunks of LBE (1 g) were digested and that no target element spike
was added. Pb-matrix certiﬁed reference materials were also dissolved in a
similar fashion, although in this case only ca. 0.5 g of material was placed in
the sealable PTFE digestion vessel. This ensured that the ﬁnal Pb concentra-
tion in solution was approximately 20 000mgL−1, as it would have been for a
real sample. Finally, procedural blanks were also prepared in the same way,
except that no actual solid material was transferred into the digestion vessel.
5.3 Results and discussion
The Pb Spec extraction chromatographic resin and the AG 1x4 anion-exchange
resin were selected for the development of a highly-selective analyte/matrix chro-
matographic separation procedure, which would facilitate the multi-elemental
trace analysis of LBE samples by means of ICP-SFMS. However, it had already
become apparent that neither resin, on its own, could be used for the removal
of both Pb and Bi in HNO3 media. As a result, the use of a tandem-column
setup had to be considered, whereby one column loaded with Pb Spec resin was
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suspended above a second column, loaded with AG 1x4 resin, for the sequen-
tial removal of Pb and Bi. Although a literature review indicated that few of
the target elements should exhibit any signiﬁcant aﬃnity towards either resin
in HNO3 media, these assumptions were ﬁrst corroborated through a series of
simple experiments, for each resin individually. In these tests, the result of
adding small amounts of HF to the HNO3-based eluent was also investigated,
since its use was deemed essential to keep Nb stable in solution. In addition,
whereas it could be assumed that Pb would be very strongly sorbed on Pb Spec
Resin, the AG 1x4 resin’s aﬃnity towards Bi was less clear cut and evaluat-
ing its applicability and eﬀectiveness required further investigation. The results
of these experiments were then used to develop the analyte/matrix separation
protocol, which is based on a combination of extraction chromatography and
anion-exchange chromatography. The procedure was then optimised in terms of
(i) the mineral acid concentrations in the eluents, (ii) the chromatographic column
sizes and (iii) the timing of the uncoupling of the tandem-column setup (after
which both columns can be eluted further individually). Finally, the procedure
was validated for a number of elements and then applied to real samples.
5.3.1 Development of an analyte/matrix separation procedure
The adsorbability of the matrix elements Pb, Bi and the target elements Ti, V,
Cr, Mn, Fe, Co, Ni, Cu, Nb, Mo, Ag, Cd, Te, Ce, Re, Tl, Th, U onto the Pb
Spec and the AG 1x4 resins was investigated in dilute HNO3/HF media. Their
elution behaviour was studied by loading a 1mL aliquot of a synthetic sample
onto either a Pb Spec or AG 1x4 column. The synthetic samples were then eluted
using a range of eluents with diﬀerent HNO3 (0.15M, 0.3M, 0.75M, 1.5M, 3M,
4.5M) and HF (0.003M, 0.03M, 0.3M) concentrations, such that either the HF
concentration was held constant whilst the HNO3 concentration was varied, or
vice versa. Whilst only a few selected elution proﬁles are shown below, serving
to illustrate the results obtained, the reader is referred to Appendix 5.5.2 for
elution proﬁles of all the elements under consideration. The most crucial results
obtained for the Pb Spec and AG 1x4 resins are discussed separately below.
As expected, Pb was retained quantitatively on the Pb Spec resin at all HNO3
and HF eluent concentrations studied. In contrast, Bi and most of the target
elements were found to elute very rapidly. To illustrate this, Figure 5.3 depicts
elution proﬁles of Bi for a range of HNO3 and HF concentrations. This ﬁgure shows
that the elution proﬁles of Bi are not signiﬁcantly aﬀected by modifying the com-
position of the eluent. The only target elements to exhibit any appreciable aﬃnity
towards the Pb Spec resin were Ag, Re and Tl. As examples of their behaviour,
Figures 5.4 and 5.5 depict elution proﬁles for Re and Ag, respectively. As can be
seen in these ﬁgures, the retention of Re is so limited that, in practice, it cannot
be separated from the virtually unretained Bi (or the rapidly eluting target ele-
ments). In contrast, the adsorbability of Ag (and that of Tl) is strong enough such
that a separation can be achieved, but only at HNO3 concentrations ≤ 1.5M.
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Figure 5.3: Isocratic elution proﬁles of Bi obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Bi, on a 2mL Pb Spec column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.4: Isocratic elution proﬁles of Re obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Re, on a 2mL Pb Spec column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.5: Isocratic elution proﬁles of Ag obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Ag, on a 2mL Pb Spec column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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As was the case for the Pb Spec resin, only a few target elements exhibited
any appreciable aﬃnity towards the AG 1x4 anion-exchange resin, in dilute HNO3
and HF media. The matrix element Bi, as anticipated, was retained signiﬁcantly
at HNO3 concentrations ≥ 1.5M. In addition, varying the HF concentration was
found to have little impact on its aﬃnity towards the resin (see Figure 5.6). The
single most strongly retained element, however, was the target element Re, which
was assumed to be present as the anionic ReO4
– in dilute HNO3 media. This
particular element was found to elute only at HNO3 concentrations ≥ 3M (see
Figure 5.7). The elution behaviour of the other, more typical, target elements is
exempliﬁed by the elution proﬁles of Ag (see Figure 5.8). This ﬁgure indicates
that modifying either the HNO3 or the HF molarities has no discernible eﬀect on
the adsorbability of this group of elements, i.e. they each elute very rapidly at
all mineral acid concentrations studied. The few exceptions to this rule, apart
from Re already discussed above, are described below. The matrix element Pb
and the target elements Ce, Th and U behaved similarly to Bi, with the aﬃnity
towards the resin increasing with the HNO3 concentration. However, at all HNO3
molarities studied, retention of these elements was so limited that they still
co-eluted, at least partially, with the non-retained target elements. In the speciﬁc
case of Ce and Th, the HF concentration in the eluent was also found to have a
signiﬁcant impact on the aﬃnities of these elements towards the resin. At an HF
concentration of 0.3M, both Ce and Th were retained completely on the column.
Moreover, the elution proﬁles of three other target elements, Ti, Nb and Mo,
were also aﬀected strongly by modifying the molarity of HF in the eluent. This
particular behaviour is illustrated by the elution proﬁles obtained for Nb (see
Figure 5.9). As shown in this ﬁgure, Nb is retained completely on the column
at HF concentrations ≥ 0.03M. Conversely, an increase in the HNO3 molarity
appears to reduce the adsorbability of Nb onto the anion-exchanger. This can
possibly be explained by the fact that HF is a weak acid, whereas HNO3 is a strong
acid. As the HNO3 concentration is increased, HF dissociates to a lesser extent,
whereby the availability of free F– ligands decreases. This, in turn, may limit
the formation of anionic ﬂuoride (e.g. NbF7
2–) and oxy-ﬂuoride (e.g. NbOF5
2–)
complexes, which ought to bind strongly to an anion-exchange resin.143,144
These ﬁndings conﬁrmed that neither resin alone was capable of removing both
Pb and Bi from the target elements in dilute HNO3/HF media. Consequently, a
tandem-column setup was considered, in which a Pb Spec column was suspended
above an AG 1x4 column. For this purpose, a single eluent had to be selected such
that Pb and Bi would be retained strongly on the Pb Spec and AG 1x4 resins, re-
spectively. Since Pb, fortunately, was retained at all HNO3/HF molarities studied,
only the removal of Bi by the AG 1x4 resin had to be taken into consideration.
An eluent containing 1.5M HNO3 / 2.5mM HF was eventually selected, even
though Bi is more strongly retained at even higher HNO3 molarities. At higher
concentrations, however, the adsorbabilities of the strongly retained Re and rapidly
eluting U decrease and increase, respectively, resulting in their co-elution with Bi.
The HF concentration of the eluent, on the other hand, was selected such that Nb
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Figure 5.6: Isocratic elution proﬁles of Bi obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Bi, on a 2mL AG 1x4 column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.7: Isocratic elution proﬁles of Re obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Re, on a 2mL AG 1x4 column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.8: Isocratic elution proﬁles of Ag obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Ag, on a 2mL AG 1x4 column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.9: Isocratic elution proﬁles of Nb obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Nb, on a 2mL AG 1x4 column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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remained stable in solution, yet still eluted rapidly, whereby co-elution with Bi was
minimal. To improve the separation further, the AG 1x4 resin was loaded into 5mL
polypropylene columns, instead of into 2mL ones, in all subsequent work. The
last major hurdle remaining when using a tandem-column setup, was the fact that
the delayed arrival of Ag and Tl on the AG 1x4 resin, as a result of their aﬃnity
towards the Pb Spec resin, resulted in their co-elution with Bi from the lower col-
umn. The solution to this problem was to uncouple the tandem-column setup after
Bi and most of the other target elements had eluted completely from the Pb Spec
column but just before Ag and Tl had had a chance to. An unfortunate side-eﬀect
of this approach was that Re had to be recovered from two separate fractions.
The ﬁnalised procedure is described in greater detail in the section below.
5.3.2 Description of the optimised separation procedure
The optimised analyte/matrix separation procedure is based on the use of a
tandem-column setup, in which a 2mL column loaded with Pb Spec resin is
initially suspended above a 5mL column loaded with AG 1x4 resin. This tandem-
column setup is then uncoupled part way through the procedure, after which both
columns are further eluted individually. Such a setup permits both the matrix
elements, Pb and Bi, to be removed, successively, from a sample, in an HNO3/HF
medium. Examples of elution proﬁles, obtained by applying the optimised chro-
matographic separation procedure to a mock sample, containing ca. 20 000mgL−1
of the matrix elements and ca. 0.02mgL−1 of the target elements in a dilute acidic
matrix consisting of, at most, 1.5M HNO3 and 2.5mM HF, are shown in Fig-
ure 5.10. This ﬁgure also provides the reader with a schematic representation of the
proposed procedure and an overview of the eluents employed. To construct these
elution proﬁles, eluate was collected in small fractions after which the presence
of each element in each fraction was determined by means of ICP-SFMS.
Since the target elements Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Cd, Ce and Th
behave nearly identically, their elution proﬁles have been combined into one
single proﬁle (“Oth.”). High recoveries (sometimes > 200%) were obtained for
a number of elements (e.g. Cu, Ag, Tl), due to the inherent impurities in the
Pb and Bi powders that were used in the preparation of the mock samples. For
routine application, the eluate was collected in larger fractions, based on the
elution proﬁles shown in Figure 5.10, as indicated by the curly brackets in this
ﬁgure. For the experimental data depicted in this ﬁgure, more than 99.5% of the
original LBE matrix was separated from all of the target elements. Figure 5.10
also illustrates that the vast majority of the target elements are eluted from the
AG 1x4 column with only 14mL of 1.5M HNO3 / 2.5mM HF eluent. These
14mL can be divided into two separate 7mL fractions, T1 and T2. Fraction T2
still contains an appreciable amount of the matrix, in the form of Bi. However,
most target elements are found in fraction T1 only. A more detailed description
of the optimised separation procedure, for routine application, is given below.
A 1mL aliquot of a dissolved LBE sample, containing ca. 20 000mgL−1 of
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the matrix elements in a dilute acidic matrix consisting of, at most, 1.5M HNO3
and 2.5mM HF, is brought onto a 2mL Pb Spec column. This 2mL column
is itself suspended above a 5mL AG 1x4 column, such that the eluent passes
through both columns in succession. Following the 1mL sample, another 5mL
of 1.5M HNO3 / 2.5mM HF eluent is brought onto the top column. By this
time, the majority of the target elements have already passed though the Pb Spec
column onto the AG 1x4 column. However, a few elements (Pb, Tl, Ag and part
of the Re) are still to be found on the Pb Spec column. The tandem-column
setup is then uncoupled and both columns are further eluted individually.
An additional 10mL of 1.5M HNO3 / 2.5mM HF eluent is passed through
the AG 1x4 column, thereby eluting all target elements that had previously
eluted from the Pb Spec column onto this lower column. The one exception is
that part of the Re able to reach the AG 1x4 column prior to the uncoupling,
which is strongly bound to the anion-exchanger at these relatively low acid
concentrations, probably as the perrhenate anion. The eluent is then adjusted and
12mL of 0.3M HNO3 / 2.5mM HF eluent is used to elute Bi in a timely fashion.
Finally the eluent is adjusted once again and 18mL of 7.5M HNO3 / 2.5mM HF
eluent is needed to strip the strongly bound Re from the AG 1x4 column.
Meanwhile, Ag, Tl and a part of the total Re are eluted from the Pb Spec
resin by ﬂushing the column with 30mL of 0.3M HNO3 / 2.5mM HF eluent.
Finally, Pb is stripped by passing 30mL of 0.09M ammonium citrate through the
column. A white precipitate observed in the ﬁnal fraction, presumably Pb-citrate,
can be dissolved readily by the addition of 1 to 2mL of concentrated HNO3.
Figure 5.11: Tandem-column setups in which four 2mL Pb Spec columns are suspended above four
5mL AG 1x4 columns. The top rack is lifted to uncouple the columns.
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5.3.3 Validation and application of the procedure
The procedure was validated by analysing three types of samples. Firstly, the
procedure was applied to Pb-matrix certiﬁed reference materials (IMN PL33 and
PL66) since, to the best of the author’s knowledge, no Pb/Bi-alloy CRMs are
available. Secondly, in an eﬀort to evaluate the procedure for elements whose
concentration in the CRMs was not certiﬁed, it was also applied to mock samples,
which were prepared from high-purity Pb and Bi powders and multi-element
spiking solutions. Thirdly, the procedure was applied to ﬁve samples from a
real batch of LBE, the results of which could be compared to those obtained via
Neutron Activation Analysis (NAA). Procedural Quantiﬁcation Limits (QL, 10s)
for all eighteen target elements were estimated by analysing three independent
procedural blank samples. In order to express the procedural QLs in terms relevant
to solid samples, a nominal mass of 1 g of hypothetically dissolved LBE was used
in all calculations. The values obtained ranged from low ng g−1 levels for Th to
sub-µg g−1 levels for the contamination-prone Fe, as can be seen in Table 5.2.
The analyses that were performed in the context of method validation, were each
carried out in triplicate (n = 3), quadruplicate (n = 4) or quintuplicate (n = 5),
most often under reproducibility conditions, unless explicitly stated otherwise.
Certiﬁed values as well as experimentally determined concentrations, for both
CRMs, are presented in Table 5.3. In these experiments, Bi was treated as a
target element, since it is present at very low levels in the CRMs. For those
elements of which the contents in CRM IMN PL33 are certiﬁed, experimen-
tally determined concentrations showed good agreement with certiﬁed values.
As such, the experimentally determined concentrations lay within a range of
−5% to +2% of certiﬁed values for Ni, Cu, Ag, Cd, Te, Tl and Bi. In contrast,
the results for CRM IMN PL66 were not quite as clear-cut, although exper-
imentally determined concentrations were still in fairly good agreement with
certiﬁed values, with experimentally determined concentrations laying in a range
of −9% to +21% of certiﬁed values for Ni, Cu, Ag, Cd, Tl and Bi. The only
real exception with regard to the accuracy of the procedure was Te, for which
the experimentally determined concentration deviated greatly from the certiﬁed
value, resulting in a bias of ca. −70%. No explanation for this observation is
available at this time, although the separation procedure itself is likely not to
blame. None of the earlier experiments with synthetic samples, mock samples
or the other CRM had ever indicated a problem for this particular element,
so the cause is therefore more likely to be found in the digestion procedure.
The performance of the procedure was further evaluated by applying it to
mock samples, prepared from high-purity Pb and Bi powders and multi-element
spike solutions, because the Pb-matrix CRMs were certiﬁed for only a limited
number of target elements. Each of these mock samples contained Pb and Bi
at concentrations of ca. 20 000mgL−1, whilst the target elements were expected
to be present at a far lower level of ca. 0.2mgL−1. However, it was found that
the so-called high-purity Pb and Bi powders themselves contained considerable
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amounts of the target elements Ti, Mn, Fe, Cu, Ag, Cd, Te and Tl. As a result,
powder mixes were digested again, but without the addition of any spike solution,
and analysed, so that a blank correction could be applied when analysing the
mock samples. The corrected recoveries obtained for each of the target elements
are presented in Table 5.4. These ranged from 96% to 107% for the vast majority
of the elements, with the exception of Fe for which a recovery of only 74% was
obtained. The concentration of Fe in the high-purity powders was found to be
somewhat variable and especially high when compared to the other impurities
that were encountered, resulting in a recovery of ca. 200% if not corrected
for. As a result, the applied blank correction is most likely not very accurate.
Lastly, ﬁve samples taken from one batch of LBE (referred to as JVB S1) were
subjected to the analytical procedure described in this chapter. In contrast to
the analyses described in the previous paragraphs, these analyses were carried
out under repeatability conditions, instead of under reproducibility conditions,
i.e. ICP-SFMS measurements for the ﬁve samples were performed in a single
sequence. This same batch of LBE had previously been analysed by means of
NAA at SCK CEN, also in quintuplicate. The results of these NAA analyses were
kindly made available to the author, whereby both techniques could be directly
compared. The averages of the experimentally determined concentrations, as well
as their associated uncertainties, are presented in Table 5.5, for both techniques.
The target elements Ni, Cu, Ag, Cd, Te and Tl could be determined quantitatively
by means of ICP-SFMS, whereas all others were found to be present at levels
below the reported QL. Of these elements, only Cu, Ag and Cd could also be
determined quantitatively by means of NAA. In addition to these three target
elements, NAA analyses indicated that Cr was present at considerable levels (ca.
0.5 µg g−1), in four out of the ﬁve replicate measurements. ICP-SFMS results, on
the other hand, suggested that the Cr concentration could be at least an order of
magnitude lower (< 0.05 µg g−1). It is, however, worth noting that the samples,
which were analysed by means of ICP-SFMS, were not physically identical to those
analysed by means of NAA, although each of them did originate from the same
batch of LBE. Therefore, local heterogeneities or contaminations might account
for the discrepancy observed. The fact that, for one of the ﬁve replicate analyses
carried out by means of NAA, a concentration of < 0.03 µg g−1 was reported,
may suggest that Cr was not uniformly distributed throughout the entire LBE
batch. The average concentrations of Cu, Ag and Cd, as determined by ICP-SFMS
and NAA, were in good agreement with one another. The target elements Ni,
Cd and Tl were found to be homogeneously distributed within the LBE batch
(RSD < 5%), whereas the replicate measurements suggested that Cu, Ag and
Te were distributed more heterogeneously (RSD ≈ 10%). In addition, a positive
correlation was found between the concentration of Ag and Cu (ρ = 0.98), both by
means of ICP-SFMS and by NAA. Hence, a relationship appeared to exist between
the distributions of Cu and Ag in the batch of LBE under consideration. In the
course of this work, several other batches of LBE were also analysed by means of
the procedure described in this chapter. The samples under consideration included
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both pre- and post-experimental LBE, i.e. relatively pure LBE as well as samples
in which increased levels of corrosion products were expected. The results of these
analyses, along with results obtained by means of other techniques (i.e. NAA
and ICP-QMS), are presented in Appendix 5.5.1 at the end of this chapter.
5.4 Conclusions and outlook
An analyte/matrix separation procedure, based on a combination of extraction
and anion-exchange chromatography, has been applied successfully for the de-
termination of trace levels of Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Nb, Mo, Ag, Cd,
Te, Ce, Re, Tl, Th and U in LBE samples by means of ICP-SFMS. In the pro-
cedure, a tandem-column set-up is used, whereby a 2mL Pb Spec column is
suspended above a 5mL AG 1x4 column. The matrix element Pb is retained
on the Pb Spec column whilst Bi shows an appreciable aﬃnity towards the
AG 1x4 column, whereas the vast majority of the target elements exhibit no
aﬃnity towards either resin. As a result, over 99% of the LBE matrix could
be separated from the rapidly eluting target elements. The element Re, which
serves as a chemical analogue for Tc, shows an aﬃnity towards both resins and
ends up in two separate fractions. Re could nonetheless be separated success-
fully from the matrix. In addition, although also Ag and Tl exhibit an aﬃnity
for the Pb Spec resin, they could still be separated from the LBE matrix.
The optimised procedure was validated by applying it to (i) Pb-matrix CRMs,
(ii) mock samples and (iii) real LBE samples. Procedural QLs (10s), ranging
from low ng g−1 levels for Th to sub-µg g−1 levels for the contamination-prone
Fe, were estimated by analysing procedural blanks. Experimentally determined
concentrations, of elements for which the concentrations in the IMN PL33 and
PL66 Pb-matrix CRMs were certiﬁed (i.e. Ni, Cu, Ag, Cd, Te, Tl and Bi), were
generally found to be in good agreement with their respective certiﬁed values.
The only truly problematic element was Te, but only when considering CRM
IMN PL66, for which a bias of ca. −70% was observed. The author believes that
the cause may possibly be attributed to the digestion procedure, but not to the
actual separation procedure itself, as no such issues were encountered for mock
samples or for the other CRM. However, further research would be required to
identify the problem. Analysis of mock samples demonstrated excellent recoveries
for most target elements, but the result for Fe was of some concern. However, the
poor recovery of Fe may be attributed to the fact that the high-purity Pb and Bi
powders, used to prepare the mock samples, contained relatively high levels of Fe
which also appeared to be heterogeneously distributed. In addition, the QL for the
contamination-prone Fe was poor when compared to those obtained for the other
target elements. Comparing results obtained by means of the optimised procedure
with those obtained by means of NAA, for ﬁve replicate analyses of a batch of
LBE, showed good agreement between the two sets of data, with the exception
of Cr. Certain elements were found to be more homogeneously distributed in
these LBE samples (i.e. Ni, Cd and Tl) than other (i.e. Cu, Ag and Te). In
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addition, a correlation (ρ = 0.98) was found between the distributions of Cu
and Ag in the LBE samples, based on the analysis of the ﬁve replicate samples.
Several other batches of LBE, procured at SCK CEN, originating from experi-
ments involving the study of LBE corrosion, were also analysed by means of the
analytical procedure described in this chapter. These comprised both pre- and
post-experimental LBE samples, i.e. relatively pure LBE as well as samples in
which increased levels of corrosion products were expected. A number of these
specimens were also analysed by means of ICP-QMS, by the author, or by means
of NAA, elsewhere at SCK CEN. For a more detailed overview of the results
obtained for these samples, the reader is referred to Appendix 5.5.1 at the end of
this chapter. It is important to note, however, that when ICP-QMS was employed,
simple dilutions were considered for mitigating matrix eﬀects and memory eﬀects,
rather than applying the analyte/matrix separation protocol developed in the
course of the work. As a result of the increased need for sample dilution with
this approach, as well as the poorer sensitivity and instrumental background
typically associated with quadrupole instruments, ICP-SFMS yielded superior
QLs across the board. To illustrate, e.g. for V and Co, i.e. elements less prone
to contaminations, the QL reported for ICP-SFMS was as much as two orders
of magnitude better than the one reported for ICP-QMS. In addition, memory
eﬀects for Pb and Bi are of some concern when simple dilution is considered,
which may result in a need for more frequent instrument maintenance. When the
target element concentration was high enough, however, there was good agreement
between the results obtained with both techniques, in nearly all cases. Therefore,
depending on the requirements posed for the analysis of a particular sample, either
ICP-SFMS, preceded by an analyte/matrix separation, or ICP-QMS, preceded by
simple dilution, may both be found to be ﬁt-for-purpose. In contrast, when the
results for NAA were compared to those of ICP-SFMS, the diﬀerence in QLs was
less clear cut, although those obtained for ICP-SFMS were most often at least on
par with those reported for NAA. In a select few cases, however, e.g. when Nb was
considered, the QL obtained for ICP-SFMS was as much as two or three orders
order of magnitude better than that for NAA. In other cases still, the QL obtained
with NAA was slightly superior. Typically, when the concentration of the target
elements was high enough, such that quantitative analysis with both techniques
was possible, results obtained with both techniques showed good agreement. The
one exception, once again, being Cr, as had been the case or the samples taken from
LBE batch JVB S1. Both techniques may be viewed as complementary, with their
preferred use depending on the analytes of interest. In the case of NAA, however,
irradiation facilities, which are becoming increasingly rare, need to be available,
although this issue is naturally of lesser concern at nuclear research institutes such
as SCK CEN. The main beneﬁt of ICP-SFMS over NAA has to do with sample
throughput, which is expected to be considerably poorer for NAA when compared
to ICP-SFMS (for about a dozen samples, > 4 weeks rather than < 2 weeks),
in part as a result of the required cooling time after sample irradiation.
At this point, it is important to remind the reader of the fact that a few
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of the target elements actually served as proxies for important radionuclides,
whose true behaviour is still left to be determined. Literature data for the
AG 1x10 anion-exchange and Sr Spec resins, the latter being similar to Pb
Spec resin, suggests that Re might indeed correctly serve as a chemical ana-
logue for Tc throughout the proposed separation procedure. However, based
on the same literature data, it appears unlikely that this is also the case for
Te and Po or for Ce and Pu. Therefore, it will be necessary to apply the
procedure to irradiated LBE samples, mainly to conﬁrm the behaviour of Po.135,136
Lastly, it should also be noted that the procedure described in this work
was aimed speciﬁcally at the quantitative analysis of LBE samples originating
from research projects related to the development of the MYRRHA reactor at
SCK CEN. Certain reactor designs, however, may involve the use of other liquid
metal coolants. One Gen IV nuclear reactor design proposed for commercial power
generation, i.e. the lead-cooled fast reactor, would rely on the use of pure Pb as a
primary coolant (see Section 1.1.2). The accurate multi-elemental trace analysis
of Pb samples, by means of ICP-SFMS, would also be hampered by non-spectral
interferences, although the observed matrix eﬀects would be induced by only a
single matrix element instead of two. As a result, a much simpliﬁed analyte/ma-
trix separation procedure could be employed, based on the use of the Pb Spec
extraction chromatographic resin only. An analyte/matrix separation procedure
using only Pb Spec resin would be more straightforward and quicker because it
avoids the complications of using multiple eluents and a tandem-column setup.
5.5 Appendix
The ﬁrst part of this appendix contains an overview of ICP-SFMS analyses that
were performed on real LBE samples, which were procured at SCK CEN, as was al-
ready mentioned in Section 5.3.3. In addition, in the second part of this appendix, a
more complete overview of elution proﬁles is provided, whereas only a limited num-
ber of these were presented in the main text, to illustrate the elution behaviour of se-
lected matrix elements and target elements from Pb Spec and AG 1x4 columns.
5.5.1 Analysis of real lead-bismuth eutectic samples
In each case, the ICP-SFMS analyses that are reported were preceded by the
analyte/matrix separation procedure, as described in the main text of this chapter,
in an eﬀort to attenuate non-spectral interferences. A number of these samples
were also analysed by means of NAA or by means of ICP-QMS. In the latter
case, simple dilutions were applied for overcoming matrix eﬀects, rather than
performing an analyte/matrix separation. In contrast to the analysis of LBE
batch JVB S1, reported upon in Section 5.3.3, which was performed in quin-
tuplicate, only single ICP-MS replicate measurements were performed on these
particular samples. As a result, rather than reporting the uncertainty as a stan-
dard error on a number of replicate measurements, the expanded uncertainty
uc (k = 2) on the experimental result c was estimated by the equation below,
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which, based on previous experience at SCK CEN, was considered to be a realistic
yet conservative approach to estimating the measurement uncertainty.145
uc =
√(
1
10
· c
)2
+
(
2
3
·QL
)2
(5.1)
Firstly, a series of relatively pure LBE samples, referred to as JVB S6, JVB S7,
JVB S8, JVB S9 and JVB S10, were analysed. The batches of LBE, from which
these samples originated, were also analysed by means of NAA at SCK CEN, the
results of which were kindly made available to the author. Secondly, a number of
additional LBE samples, originating from experiments involving the study of LBE
corrosion, were also analysed. These samples, which were expected to contain a
number of corrosion products, are referred to as BC S1, BC S2, BC S3, BC S4
and BC S5 in this text. These same ﬁve samples were also analysed by means of
ICP-QMS by the author, after preparing appropriate dilutions from the respective
digest solutions. The ﬁnal series of LBE samples to be analysed also originated
from an experiment designed to investigate LBE corrosion. The LBE used in these
experiments originally came from the same batch of LBE as sample JVB S6, whilst
the post-experiment samples are referred to as KR S1, KR S2, KR S3 and KR
S4. As such, the uptake of corrosion products could be monitored by comparing
the trace element composition of sample JVB S6 with those of KR S1 - S4. This
last series of samples was also to be analysed by means of NAA at SCK CEN
but, at the time of writing, these results were not yet available to the author.
For samples JVB S6 - S10, the results obtained by means of ICP-SFMS were
found to be in good agreement with those obtained by means of NAA. The one
real exception, once again, was Cr, just as was the case for the ﬁve replicate
analyses of LBE batch JVB S1 (see Section 5.3.3). For four out of the ﬁve samples,
a Cr concentration of ca. 0.5 µg g−1 was reported by NAA, whereas ICP-SFMS
analyses indicated that the Cr concentration ought to be at least an order of
magnitude lower (< 0.05 µg g−1). An overview of the results obtained by both
techniques is given in Table 5.6, showing that the most prevalent impurities in these
particular batches of LBE were Ni (ca. 0.2 to 0.4 µg g−1), Cu (ca. 4 to 7 µg g−1),
Ag (ca. 10 to 15 µg g−1), Cd (ca. 0.5 to 3.5 µg g−1), Te (ca. 0.01 to 0.05 µg g−1)
and Tl (ca. 8 to 12 µg g−1), whilst traces of Ti (up to ca. 0.07 µg g−1) and Fe (up
to ca. 0.6 µg g−1) were also observed in some samples. However, for these last
two elements, the values obtained via ICP-SFMS lay near the procedural QL.
In the case of samples BC S1 - S5, it was expected that a number of corrosion
products would be present, in addition to a number of the inherent impurities that
had already been identiﬁed in samples JVB S6 - S10. Whereas samples BC S1 -
S2 represented the bulk of this particular batch of LBE, BC S3 - S5 originated
from the LBE’s surface layer and the walls or the bottom of its containment
vessel. Small bits of metallic debris were clearly discernible in these last three solid
samples, suggesting that especially high minor and trace element concentrations
could be expected for these particular samples. In addition to subjecting these
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samples to the analytical procedure described in this chapter, each sample digest
was also analysed by means of ICP-QMS. The results of these analyses are shown in
Table 5.7. As a result of the poorer sensitivity typically associated with ICP-QMS
and the need for increased sample dilution for attenuating matrix and memory
eﬀects, the ICP-SFMS measurements generally yielded superior QLs. In nearly all
cases, however, there was good agreement between the results obtained with both
techniques, except for sample BC S2, for which the Ni and Cu concentrations
diﬀered considerably. The most prevalent trace or minor elements in these ﬁve
samples were found to be Ni (ca. 4 to 20 µg g−1), Cu (ca. 7 to 25 µg g−1), Ag
(ca. 22 to 25 µg g−1), Cd (ca. 0.02 to 50 µg g−1), Te (ca. 0.1 to 1 µg g−1) and
Tl (ca. 8 to 9 µg g−1), whilst Ti (up to ca. 2 µg g−1), V (up to ca. 3 µg g−1), Cr
(up to ca. 500 µg g−1), Mn (up to ca. 100 µg g−1), Fe (up to ca. 30 000 µg g−1),
Co (up to ca. 3 µg g−1), Nb (up to ca. 0.02 µg g−1) and Mo (up to ca. 1 µg g−1)
were also found to be present in signiﬁcant quantities in a number of samples.
Samples KR S1 - S4 were also suspected of containing a number of corrosion
products, with samples KR S1 - S2 representing the bulk of the LBE and samples
KR S3 - S4 having been taken from its surface layer. Each of these samples was
measured in triplicate, in case of heterogeneity, with each replicate measurement
being denoted as either A, B, or C. The result of each ICP-SFMS analysis is given
in Table 5.8, along with the trace element composition of sample JVB S6 (i.e. rep-
resenting the pre-experiment LBE composition). The results obtained for sample
KR S2C are not taken into account, however, as the reported trace element con-
centrations may, at least in part, originate from a contamination. A relatively high
W concentration was found in that particular sample’s digest solution, equivalent
to ca. 50 µg g−1 W in solid LBE material. This suggests that the solid tungsten
carbide drill bit, that was used in the sampling process, may have contaminated the
sample. Most important, however, was that none of the other samples were found
to contain W at similar levels (all being < 0.1 µg g−1 W). Samples KR S3 - S4, for-
tunately, were collected from a larger piece of LBE by using a set of cutting shears
instead of a drill bit, whereby the risk of contamination was comparatively minimal.
The remaining samples were found to contain Ni (ca. 5 to 6 µg g−1), Cu (ca. 5 to
6 µg g−1), Ag (ca. 13 to 16 µg g−1), Cd (ca. 0.02 to 0.03 µg g−1), Te (ca. 0.01 to
0.02 µg g−1) and Tl (ca. 10 to 12 µg g−1), whilst traces of V (up to ca. 0.01 µg g−1),
Cr (up to ca. 0.4 µg g−1), Mn (up to ca. 0.04 µg g−1), Fe (up to ca. 2 µg g−1), Co
(up to ca. 0.01 µg g−1) and Mo (up to ca. 0.07 µg g−1) were also thought to be
present in at least one of the samples. When compared to the initial composition
of sample JVB S6, there was no discernible change in the concentrations of the
Cu, Ag and Tl impurities. In contrast, a relatively large increase in the Ni con-
centration was observed across the board. This observation ﬁts with the selective
dissolution of Ni, that has been reported for high-alloy steels such as 316L in direct
contact with liquid LBE.146 In addition, a marked decrease in the Cd concentra-
tion was observed, for which no apparent mechanism could be proposed. At the
time of writing, no NAA analysis data was available to corroborate this result.
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5.5.2 Adsorbability of the elements on selected resins
The aﬃnity of Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Nb, Mo, Ag, Cd, Te, Ce, Re, Tl,
Pb, Bi, Th and U, towards the AG 1x4 and Pb Spec resins, in dilute acidic media,
was investigated as described in Section 5.3.1. The elution behaviour of each
of these elements, from columns loaded with AG 1x4 resin, using a variety of
HNO3 and HF-based eluents, is presented in Figures 5.12 - 5.31. In addition,
comparable elution proﬁles, but obtained for the Pb Spec resin, are presented in
Figures 5.32 -5.51. The most important conclusions to be drawn from these elution
proﬁles, for the purposes of this thesis, have already been discussed in Section 5.3.1.
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Figure 5.12: Isocratic elution proﬁles of Ti obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Ti, on a 2mL AG 1x4 column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.13: Isocratic elution proﬁles of V obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 V, on a 2mL AG 1x4 column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.14: Isocratic elution proﬁles of Cr obtained upon loading 1mL of a synthetic sample, containing
ca. 2mgL−1 Cr, on a 2mL AG 1x4 column. For each of the diﬀerent eluents investigated, the elution
proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of an
element in each respective fraction.
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Figure 5.15: Isocratic elution proﬁles of Mn obtained upon loading 1mL of a synthetic sample,
containing ca. 0.2mgL−1 Mn, on a 2mL AG 1x4 column. For each of the diﬀerent eluents investigated,
the elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery
of an element in each respective fraction.
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Figure 5.16: Isocratic elution proﬁles of Fe obtained upon loading 1mL of a synthetic sample, containing
ca. 2mgL−1 Fe, on a 2mL AG 1x4 column. For each of the diﬀerent eluents investigated, the elution
proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of an
element in each respective fraction.
El
ua
te
 F
ra
ct
io
ns
0.15 M HNO3 0.3 M HNO3 0.75 M HNO3 1.5 M HNO3 3 M HNO3 4.5 M HNO3 0.003 M HF 0.03 M HF 0.3 M HF
24 mL
22 mL
20 mL
18 mL
16 mL
14 mL
12 mL
10 mL
 8 mL
 6 mL
 4 mL
 2 mL
Recovery (Co)
100 %
50 %
25 %
5 %
< 1 % 
 or < LoQ
0.003 M HF
(a)
0.3 M HNO3
(b)
Figure 5.17: Isocratic elution proﬁles of Co obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Co, on a 2mL AG 1x4 column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.18: Isocratic elution proﬁles of Ni obtained upon loading 1mL of a synthetic sample, containing
ca. 2mgL−1 Ni, on a 2mL AG 1x4 column. For each of the diﬀerent eluents investigated, the elution
proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of an
element in each respective fraction.
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Figure 5.19: Isocratic elution proﬁles of Cu obtained upon loading 1mL of a synthetic sample, containing
ca. 2mgL−1 Cu, on a 2mL AG 1x4 column. For each of the diﬀerent eluents investigated, the elution
proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of an
element in each respective fraction.
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Figure 5.20: Isocratic elution proﬁles of Nb obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Nb, on a 2mL AG 1x4 column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.21: Isocratic elution proﬁles of Mo obtained upon loading 1mL of a synthetic sample,
containing ca. 0.2mgL−1 Mo, on a 2mL AG 1x4 column. For each of the diﬀerent eluents investigated,
the elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery
of an element in each respective fraction.
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Figure 5.22: Isocratic elution proﬁles of Ag obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Ag, on a 2mL AG 1x4 column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.23: Isocratic elution proﬁles of Cd obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Cd, on a 2mL AG 1x4 column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.24: Isocratic elution proﬁles of Te obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Te, on a 2mL AG 1x4 column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.25: Isocratic elution proﬁles of Ce obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Ce, on a 2mL AG 1x4 column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.26: Isocratic elution proﬁles of Re obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Re, on a 2mL AG 1x4 column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.27: Isocratic elution proﬁles of Tl obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Tl, on a 2mL AG 1x4 column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.28: Isocratic elution proﬁles of Pb obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Pb, on a 2mL AG 1x4 column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.29: Isocratic elution proﬁles of Bi obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Bi, on a 2mL AG 1x4 column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.30: Isocratic elution proﬁles of Th obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Th, on a 2mL AG 1x4 column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.31: Isocratic elution proﬁles of U obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 U, on a 2mL AG 1x4 column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.32: Isocratic elution proﬁles of Ti obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Ti, on a 2mL Pb Spec column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
El
ua
te
 F
ra
ct
io
ns
0.15 M HNO3 0.3 M HNO3 0.75 M HNO3 1.5 M HNO3 3 M HNO3 4.5 M HNO3 0.003 M HF 0.03 M HF 0.3 M HF
12 mL
10 mL
 8 mL
 6 mL
 4 mL
 2 mL Recovery (V)
100 %
50 %
25 %
5 %
< 1 % 
 or < LoQ
0.003 M HF
(a)
0.3 M HNO3
(b)
Figure 5.33: Isocratic elution proﬁles of V obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 V, on a 2mL Pb Spec column. For each of the diﬀerent eluents investigated, the elution
proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of an
element in each respective fraction.
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Figure 5.34: Isocratic elution proﬁles of Cr obtained upon loading 1mL of a synthetic sample, containing
ca. 2mgL−1 Cr, on a 2mL Pb Spec column. For each of the diﬀerent eluents investigated, the elution
proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of an
element in each respective fraction.
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Figure 5.35: Isocratic elution proﬁles of Mn obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Mn, on a 2mL Pb Spec column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.36: Isocratic elution proﬁles of Fe obtained upon loading 1mL of a synthetic sample, containing
ca. 2mgL−1 Fe, on a 2mL Pb Spec column. For each of the diﬀerent eluents investigated, the elution
proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of an
element in each respective fraction.
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Figure 5.37: Isocratic elution proﬁles of Co obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Co, on a 2mL Pb Spec column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
120 Chapter 5. Multi-elemental trace analysis of lead-bismuth eutectic
El
ua
te
 F
ra
ct
io
ns
0.15 M HNO3 0.3 M HNO3 0.75 M HNO3 1.5 M HNO3 3 M HNO3 4.5 M HNO3 0.003 M HF 0.03 M HF 0.3 M HF
12 mL
10 mL
 8 mL
 6 mL
 4 mL
 2 mL Recovery (Ni)
100 %
50 %
25 %
5 %
< 1 % 
 or < LoQ
0.003 M HF
(a)
0.3 M HNO3
(b)
Figure 5.38: Isocratic elution proﬁles of Ni obtained upon loading 1mL of a synthetic sample, containing
ca. 2mgL−1 Ni, on a 2mL Pb Spec column. For each of the diﬀerent eluents investigated, the elution
proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of an
element in each respective fraction.
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Figure 5.39: Isocratic elution proﬁles of Cu obtained upon loading 1mL of a synthetic sample, containing
ca. 2mgL−1 Cu, on a 2mL Pb Spec column. For each of the diﬀerent eluents investigated, the elution
proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of an
element in each respective fraction.
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Figure 5.40: Isocratic elution proﬁles of Nb obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Nb, on a 2mL Pb Spec column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.41: Isocratic elution proﬁles of Mo obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Mo, on a 2mL Pb Spec column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.42: Isocratic elution proﬁles of Ag obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Ag, on a 2mL Pb Spec column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.43: Isocratic elution proﬁles of Cd obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Cd, on a 2mL Pb Spec column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.44: Isocratic elution proﬁles of Te obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Te, on a 2mL Pb Spec column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.45: Isocratic elution proﬁles of Ce obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Ce, on a 2mL Pb Spec column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.46: Isocratic elution proﬁles of Re obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Re, on a 2mL Pb Spec column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.47: Isocratic elution proﬁles of Tl obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Tl, on a 2mL Pb Spec column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.48: Isocratic elution proﬁles of Pb obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Pb, on a 2mL Pb Spec column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.49: Isocratic elution proﬁles of Bi obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Bi, on a 2mL Pb Spec column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.50: Isocratic elution proﬁles of Th obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 Th, on a 2mL Pb Spec column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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Figure 5.51: Isocratic elution proﬁles of U obtained upon loading 1mL of a synthetic sample, containing
ca. 0.2mgL−1 U, on a 2mL Pb Spec column. For each of the diﬀerent eluents investigated, the
elution proﬁle is represented as a series of circles, the areas of which are proportional to the recovery of
an element in each respective fraction.
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6
Determination of isotope
ratios by means of ICP-SFMS
This sixth chapter reports on an evaluation of the capabilities of a nuclearised
Element2 ICP-SFMS instrument for the determination of isotope ratios. As
previously discussed in Chapter 1, the isotopic analysis of experimental or com-
mercial nuclear fuels, in the context of fuel qualiﬁcation or spent fuel burnup
programs, is already carried out routinely at SCK CEN, e.g. by means of an
ageing VG Sector 54 MC-TIMS instrument. For the analytical assays in question,
the isotopic analysis of selected lanthanides is of particular importance, which is
why mainly the elements Nd, Sm, Eu, Gd and Dy are considered in this chap-
ter. For this particular group of elements, the performance of the ICP-SFMS
instrument was compared directly to that of the MC-TIMS instrument, mainly
in terms of the attainable isotope ratio precision. Even though an MC-TIMS
instrument ought to provide a superior precision, the ICP-SFMS instrument may
still be found to be ﬁt-for-purpose in select cases, i.e. due to its superior sensi-
tivity or the reduced need for time-consuming sample preparation procedures.
6.1 Introduction
An isotope-number ratio is deﬁned as the ratio of the number of atoms of one
isotope to the number of atoms of another isotope, of the same chemical element,
in the same system.147 Thus, when the number of atoms of an isotope xE in a
substance P is denoted by N (xE)P , then isotope-number ratios are given by
R
(
iE/nE
)
P
=
N
(
iE
)
P
N (nE)P
(6.1)
When the substance P contains n distinct isotopes iE of the chemical element
E, then n − 1 independent isotope-number ratios may be deﬁned. If the nth
isotope represents the reference isotope used in each of the n − 1 ratios, then
the isotopic abundance x
(
iE
)
P
of each of the isotopes may be calculated via
x
(
iE
)
P
=
R
(
iE/nE
)
P
n∑
i=1
R (iE/nE)P
(6.2)
As such, accurate and precise measurements of isotope-number ratios are a prereq-
uisite to the precise and accurate determination of the isotopic abundances of an
element’s istopes in samples such as spent nuclear fuels. In this text, for the sake
of brevity, the shorthand term “isotope ratio” and symbol Rtrue are employed
to refer to an isotope-number ratio as deﬁned above. Fortunately, when using
a mass spectrometric system such as an ICP-MS instrument, this isotope ratio
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may be determined in a fairly straightforward manner, i.e. by monitoring the ion
currents corresponding to the singly charged ions of the two isotopes of interest,
and ratioing the resulting signal intensities against one another. However, the
measured isotope ratio Rmeas may diﬀer quite substantially from the true isotope
ratio Rtrue as a result of the occurrence of dead time-induced count rate losses or
mass discrimination eﬀects, important issues that need to be addressed and which
are discussed and investigated in greater detail below (see Sections 6.3.1 and 6.3.2).
In addition, it is important for the reader to know that, for the purposes of this
text, the isotope ratio precision is deﬁned as a simple standard deviation of a
number of replicate measurements performed on a single sample (rather than e.g.
a standard error on the mean). Whereas MC-TIMS is capable of providing isotope
ratio precisions of ≤ 0.01% RSD on a routine basis, more modest isotope ratio
precisions of just ≤ 0.05% RSD have been reported for single-collector ICP-SFMS
instruments in the literature.42 Such values were obtained only under the most
favourable of ICP-SFMS measurement conditions, i.e. whilst operating the instru-
ment in the lowest resolution mode and when considering an isotope ratio of ca. 1:1
for an element that was present at suﬃciently high concentration. When a single-
collector ICP-SFMS instrument is operated at higher mass resolution, to eliminate
spectral interferences, its characteristic ﬂat-top peaks are sacriﬁced in favor of
more or less triangular peaks. As a result, the attainable isotope ratio precision
deteriorates (see Section 2.7.2) to values of ≥ 0.1% RSD, as has been reported
in the literature previously.148 However, Trešl et al. reported that the attainable
isotope ratio precision at higher mass resolution was initially poorer than expected,
due to a signiﬁcant mass scale shift, whereby oﬄine data treatment was deemed
essential to overcome this problem.149 Therefore, only the lowest resolution mode
was considered in this work, even though many of the oxide-based polyatomic
interferences that often hamper the determination of the heavier lanthanides under
consideration ought to be resolvable in the Element2’s highest resolution mode.
In contrast, MC-TIMS measurements typically suﬀer less from spectral interfer-
ences, in part due to the application of extensive sample pretreatment procedures
designed to selectively isolate the analytes. However, its superior precision not
withstanding, TIMS also has a number of important limitations which should
(a) ICP-MS (b) TIMS
Figure 6.1: Schematic representation of the mass discrimination and mass fractionation eﬀects that are
observed during isotope ratio measurements by means of ICP-MS and TIMS, respectively. 90
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be taken into account. Firstly, generating positive ions by thermal ionisation
is only eﬃcient for non-volatile target elements with ionisation energies below
7.5 eV, although these issues can be attenuated by employing ionisation activators
or by generating negative ions instead of positive ones. In addition, the target
elements should be selectively isolated from their concomitant matrix, before
loading them onto a ﬁlament, to allow for their eﬃcient ionisation. Such ﬁlaments
are then placed in the TIMS instrument’s sample introduction compartment, prior
to this chamber being evacuated by means of a vacuum pump over the course of
several hours. All things considered, sample pretreatment is relatively complicated,
laborious and time-consuming. In contrast, target elements with an ionisation
energy of ≥ 7.5 eV can be eﬃciently ionised in an ICP source, irrespective of the
concomitant matrix (although a signiﬁcant signal suppression or enhancement
may still be observed). As a result, for less demanding applications, there may be
a reduced need for labour-intensive sample pretreatment procedures than with
TIMS. In addition, ICP-SFMS measurements are typically less time-consuming
than TIMS measurements; minutes versus hours, and, when the instrument is
coupled to a solid-sampling technique such as laser ablation, the need for extensive
and drawn out sample pretreatment may disappear. However, in contrast to a
thermal surface ionisation source, an ICP is a relatively noisy source of ions, as
a result of short term ﬂuctuations in the sample introduction, ionisation and ex-
traction eﬃciencies. In MC-ICP-SFMS instruments, the observed ﬂuctuations do
not deteriorate the isotope ratio precision greatly, because the nuclides of interest
are all monitored simultaneously whereby these ﬂuctuations cancel each other out
to a certain extent. As a result, optimum isotope ratio precisions of as low as ca.
0.002% RSD have been reported for MC-ICP-SFMS, rivaling those attainable by
means of MC-TIMS.150 Conversely, on a single-collector ICP-SFMS instrument,
the observed signal ﬂicker can be counteracted to some extent by employing high
scanning speeds. In this context, the so-called peak-hopping mode is employed,
whereby the mass analyser setting is changed discontinuously, such that the mass
spectrometer “jumps” quickly from nuclide to nuclide, in an eﬀort to cancel out at
least part of the observed signal ﬂicker, although the isotope ratio precision does
inevitably suﬀer when only a single collector is used. Another issue that hampers
ICP-SFMS analyses is that of mass discrimination, i.e. a higher transport eﬃciency
for heavier nuclides versus lighter ones, which results in a signiﬁcant, but relatively
constant mass bias (see Figure 6.1a). Several approaches have been proposed to
correct for the mass discrimination eﬀects observed in ICP-SFMS, although this
phenomenon is not yet as well understood as the mass fractionation eﬀects that
are observed for TIMS measurements, i.e. a time-dependent variation of the ion
beam composition as a result of the initial preferential thermal ionisation of lighter
nuclides (see Figure 6.1b). Furthermore, whereas MC-TIMS and MC-ICP-SFMS
instruments often employ an array of highly stable Faraday cups as detectors,
the Element2 ICP-SFMS is equipped with a single discrete-dynode Secondary
Electron Multiplier (SEM) only. When an SEM is operated in the analog mode
rather than in the pulse counting mode, the observed mass bias is typically more
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pronounced, because the secondary electron yield from the conversion dynode is
also mass-dependent.90 Therefore, this type of detector is usually operated in the
pulse counting mode, in which the number of pulses is recorded rather than an
analog current, in order to reduce the mass-dependence of the signal output. How-
ever, the use of the pulse counting mode does result in dead time-induced count
rate losses, as has already been discussed in Section 2.8.1. If this phenomenon
is not corrected for, it leads to a non-linear detector response, an issue that
becomes increasingly important when determining extreme isotope ratios where
the count rate of one nuclide is aﬀected much more severely than the other. In this
work, the abovementioned considerations regarding the determination of isotope
ratios by means of single-collector ICP-SFMS were examined. Most importantly,
the performance of SCK CEN’s nuclearised Element2 ICP-SFMS instrument
was evaluated in terms of the attainable isotope ratio precision.37,42,43,49,90,148–158
6.2 Experimental
The reagents and labware used in the preparation of samples, blanks and rinse
solutions have been discussed in Chapter 3. That chapter also included an overview
of the typical instrumental parameters of SCK CEN’s nuclearised Element2. For
the determination of isotope ratios, the instrument’s sample introduction system
usually consisted of a low-ﬂow self-aspirating PFA concentric nebuliser and a
quartz dual cyclonic/double-pass Scott-type spray chamber. Initially, a glass
cyclonic spray chamber was also considered, but the resulting experimental data
indicated that the isotope ratio precision would probably be poorer by a factor
of ca. 2. In terms of isotope ratio precision, those same exploratory experiments
revealed no discernible diﬀerence between pumped or self-aspirating modes, in
terms of isotope ratio precision. Nonetheless, a self-aspirating nebuliser was
selected on the recommendation of the spray chamber’s manufacturer. This neb-
uliser had a very low sample uptake rate (ca. 60 µLmin−1), which reduced the
risk of liquid buildup in the dual spray chamber’s second compartment (which
is not evacuated by means of a drain). The use of an additional Ar gas ﬂow,
introduced into the second compartment of the dual spray chamber, was also
brieﬂy considered. However, since no marked improvement was observed in
terms of sensitivity or isotope ratio precision, its use was not investigated fur-
ther. The most commonly used data acquisition parameters are presented below,
along with a limited discussion of the sample preparation techniques employed.
6.2.1 Data acquisition parameters
For the purposes of these experiments, the instrument’s detector was forcibly oper-
ated in the pulse counting mode, instead of in the dual pulse counting/analog mode.
To accommodate the detector’s reduced linear range (≤ 4 000 000 counts s−1), each
sample had to be prepared accordingly. Nuclides were monitored only in the low
resolution mode, with the selected mass windows corresponding to a section of
the trapezoidal ﬂat-top peaks’ plateaus. Typical data acquisition parameters are
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Table 6.1: Typical data acquisition parameters of the Element2 ICP-SFMS for isotopic analysis.
Setting/parameter Value/Description
Resolution (m/∆m) 300
Detector mode Pulse counting
Scan optimisation Speed
Number of prescans 10
Dead time 12ns†
Runs 5
Passes 600
Dwell time 10ms (2 nuclides)
6.6ms (3 nuclides)
Mass window 2%
Integration window 2%
Samples per peak 250
Settling time 1ms
Total data acquisition time 5 × 60 s
† Dead time correction performed oﬄine
summarised in Table 6.1. The time spent monitoring a single nuclide is deter-
mined by several diﬀerent settings, provided in this table, including the observed
mass window and the number of samples per peak, which together determine
the number of data points for each nuclide. When the mass window is set to
2%, and the number of samples per peak is set to 250, a total of 5 data points
are obtained for each peak for every single mass scan (or “pass”). The dwell
time, in turn, represents the measurement time for each data point acquired as
part of such a mass scan. Thus, when 5 data points are acquired separately
for two nuclides, whilst the dwell times for both isotopes are set to 10ms, then
a single pass lasts 100ms (not taking into account the settling times that are
required when jumping from data point to data point). Finally, if a measurement
(or “run”) consists of 600 sequential passes, then the total data acquisition time
amounts to 60 s. Most often, and unless stated otherwise, the dwell times were
balanced, with each nuclide being monitored for the same amount of time during
a measurement. In general, when either 2 or 3 individual isotopes were monitored
sequentially, the dwell times were 10ms and 6.6ms, respectively. Initially, shorter
dwell times were also considered (down to 1ms), accompanied by an increase in
the number of passes (up to 6000), such that the total data acquisition time was
kept constant (60 s for each run). However, the isotope ratio precision was not
noticeably aﬀected and the duty cycle had therefore been unnecessarily reduced.
6.2.2 Sample preparation procedures
Synthetic samples were prepared by volumetric serial dilution of 1000mgL−1
single-element stock solutions, to concentrations of ca. 0.2 to 8 µgL−1 in a
1M HNO3 matrix. Elemental concentrations were selected in advance such
that the maximum signal intensity for any of the nuclides under consideration
never exceeded 3 200 000 counts s−1. The natural isotopic abundances for each
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Table 6.2: Representative terrestrial isotopic composition of selected rare-earth elements, expressed
via relative abundances of naturally occurring isotopes. 159 The nuclides that were chosen as reference
isotopes in the context of this work are highlighted in red. In addition, for each of these elements, an
indication is given of the approximate concentration that was typically required for generating a signal
intensity of ca. 1 000 000 counts s−1 on the reference isotope with the ICP-SFMS instrument used.
Nuclide Ba Nd Sm Eu Gd Dy Lu
130 0.001 06
131
132 0.001 01
133
134 0.024 17
135 0.065 92
136 0.078 54
137 0.112 32
138 0.716 98
.
.
.
142 0.271 52
143 0.121 74†
144 0.237 98 0.0307
145 0.082 93
146 0.171 89
147 0.1499
148 0.057 56 0.1124
149 0.1382
150 0.056 38 0.0738
151 0.4781
152 0.2675 0.0020
153 0.5219
154 0.2275 0.0218
155 0.1480
156 0.2047 0.000 56
157 0.1565
158 0.2484 0.000 95
159
160 0.2186 0.023 29
161 0.188 89
162 0.254 75
163 0.248 96
164 0.282 60
.
.
.
175 0.974 01
176 0.025 99
Conc.
1.2 5.0 3.2 1.6 4.2 2.6 0.8
(ngL−1)
† Radiogenic nuclide
of the elements considered in this chapter are given in Table 6.2. In this ta-
ble, the reference nuclide, i.e. the denominator in an isotope ratio, for each
of the elements under consideration is highlighted in red. In addition, for
each element, the approximate concentration that ought to result in a signal
intensity of ca. 1 000 000 counts s−1 on the reference nuclide is indicated.
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6.3 Results and discussion
A number of the most important aspects related to the determination of iso-
tope ratios by means of ICP-SFMS, as already discussed brieﬂy in the intro-
duction, are examined below. The selected topics include (i) the correction for
dead time-induced count rate losses, (ii) the correction for mass discrimination
eﬀects and (iii) an evaluation of the internal precision attainable.
6.3.1 Dead time correction
The mechanism behind the dead time-induced count rate losses that are typically
encountered in pulse counting systems was described previously in Section 2.8.1.
That section also provided a correction equation applicable to non-paralysable
systems, which is shown again below, with τ representing the dead time.
Iτ =
Imeas
1− Imeas · τ (6.3)
In this equation, the measured and dead time-corrected signal intensities are
denoted by Imeas and Iτ , respectively. As a result of the fact that the deter-
mination of the dead time is crucial for accurate isotopic analysis, a number
of authors have seen ﬁt to describe their own approaches for characterising τ
in ICP-MS systems, including van Heuzen et al., Vanhaecke et al., Held and
Taylor, Appelblad and Baxter and Ramebäck et al.160–164 Each proposed proce-
dure relies either on performing isotope ratio measurements on standards with
various elemental concentrations or on performing measurements on the detection
system’s electrical circuitry. When comparing a selection of these procedures,
Nelms et al. and Moser et al. found that each resulted in similar dead times.165,166
In this work, only the approach described by Appelblad and Baxter was used.
Applying this procedure yields an unambiguous value for τ , along with an es-
timate of its associated uncertainty, whilst mass discrimination is taken into
account without requiring knowledge of an element’s true isotopic composition.
In the approach of Appelblad and Baxter, the dead time correction is ﬁrst
disabled in the instrument’s software, after which a series of isotope ratio mea-
surements are performed on standards with various elemental concentrations.
A suitable element ought to possess at least one isotope pair with a ratio
signiﬁcantly diﬀerent from 1:1, such as 137Ba/138Ba or 176Lu/175Lu (see Ta-
ble 6.2). As the elemental concentration in the standards is increased, the
measured isotope ratio Rmeas is also subject to change, because the signal inten-
sity corresponding to the major isotope (e.g. 138Ba) is increasingly susceptible
to dead time-induced count rate losses, when compared to that of the minor
isotope (e.g. 137Ba). Although isotope ratios are usually deﬁned as the ratio
of the signal intensity of the minor isotope versus that of the major isotope,
a dead time-corrected isotope ratio Rτ can also be expressed inversely as
Rτ =
Iτ,M
Iτ,m
(6.4)
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where Iτ,m and Iτ,M represent the dead time-corrected count rates of the mi-
nor and major isotopes, respectively. However, due to the mass discrimina-
tion eﬀects that were described previously, a signiﬁcant bias is usually observed
between the dead time-corrected isotope ratio Rτ and the true isotope ratio
Rtrue, i.e. the measured ratio deviates from the true ratio. The mass bias
can itself be corrected for by means of a so-called K-factor (see Section 6.3.2).
Rtrue = Kbias ·Rτ (6.5)
Substitution of Equations 6.3 and 6.5 into Equation 6.4 results in
Rtrue
Kbias
=
I−1meas,m − τ
I−1meas,M − τ
(6.6)
which can then be rearranged to yield a linear relationship between the measured
isotope ratio and the measured signal intensity of the major isotope
Imeas,M
Imeas,m
= τ ·
(
1− Rtrue
Kbias
)
· Imeas,M + Rtrue
Kbias
(6.7)
= a · Imeas,M + b′ (6.8)
As a result, if a ﬁrst degree polynomial is ﬁtted to data points corresponding
to isotope ratio measurements performed on several standards with diﬀerent
elemental concentrations, via linear least squares regression, then the dead time
can be calculated from the slope a and intercept b′ of the curve (see Figure 6.2).
τ =
a
1− b′ (6.9)
The uncertainties associated with the regression coeﬃcients can be estimated
by linear least squares theory, although only if the assumptions underlying
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Figure 6.2: Illustration of the procedure described by Appelblad and Baxter, for determining the dead
time in ICP-MS systems. In this case, the measured 138Ba/137Ba ratio was monitored and plotted
against the measured signal intensity for 138Ba, whereafter a linear least squares model was ﬁtted to the
data. The dead time could then be calculated from the regression coeﬃcients via Equation 6.9.
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this linear model are valid, after which the uncertainty on the dead time it-
self can be estimated by error propagation. Although Appelblad and Bax-
ter suggested that the predictor variable may ﬁrst be centred, in order to
reduce the covariance between the coeﬃcients to zero, they instead assumed
it to be negligible and did not provide the required calculations. The neces-
sary equations are therefore described brieﬂy below, starting by ﬁrst modifying
Equation 6.8 and expressing it in terms of a centred predictor variable.
Imeas,M
Imeas,m
= a · Imeas,M − a · Imeas,M + a · Imeas,M + b′ (6.10)
= a · (Imeas,M − Imeas,M)+ b (6.11)
Where Imeas,M is the average of the predictor variable. Centering the predictor
variable only aﬀects the intercept, such that the slope and intercept equate to
a = τ ·
(
1− Rtrue
Kbias
)
(6.12)
b = a · Imeas,M + Rtrue
Kbias
(6.13)
Eliminating the mass bias correction factor from these two equations, and rear-
ranging the resulting statement results in an expression of the dead time
τ =
a
1 + a · Imeas,M − b
(6.14)
An estimate of the combined uncertainty uc (k = 1), which is associated with the
dead time’s value, can be found through error propagation, which results in
uc (τ) =
√
u1 (τ) + u2 (τ) (6.15)
u1 (τ) =
(u (a))
2(
1 + a · Imeas,M − b
)2 (6.16)
u2 (τ) =
a2(
1 + a · Imeas,M − b
)4 × [(Imeas,M · u (a))2 + (u (b))2] (6.17)
The regression coeﬃcients a and b and their associated uncertainties u (a) and u (b),
required in Equations 6.14 and 6.15, can be obtained in a straightforward manner
by performing a linear least squares regression in commonly used spreadsheet
software such as MS Excel or statistical software packages such as R.167
Whilst some authors have reported that the dead time is subject to change as an
instrument’s detector ages, other have claimed that its value may also be dependent
on an analyte’s mass number, at least for some types of detectors.161,168 In this
work, the dead time was therefore determined multiple times, at random intervals
over a period of more than ten weeks, at more than one SEM voltage setting.
Moreover, two separate elements were used for this purpose, one slightly lower in
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Figure 6.3: The dead time of the Element2’s detector, as determined by means of the procedure
described by Appelblad and Baxter. Results are shown for a number of replicate analyses, performed
over a period of several weeks, for two diﬀerent elements. The error bars on each individual data point
represent the estimated expanded uncertainty (k = 2), which was calculated by means of Equation 6.15.
The dashed lines correspond to τ ± 2 · s(τ), for each of the two elements under consideration.
mass than the lanthanides of interest (i.e. Ba) and one with a mass that was slightly
higher (i.e. Lu). The result of these replicate analyses are presented in Figure 6.3.
As can be seen in that ﬁgure, the detector’s dead time was found to remain
constant, within the estimated expanded uncertainty (k = 2), over this period of
time. In addition, there was good agreement between the dead times obtained by
using both Ba and Lu, indicating that the dead time is mass-independent over
the mass range of interest. It should be noted that the instrument’s manufacturer
recommends using an extreme isotope pair, such as that observed in Lu, because
a larger diﬀerence in dead time-induced count rate losses between both isotopes
is considered favourable. Nonetheless, the dead time as determined by means
of Ba was used in all subsequent work, because a less extreme isotope ratio,
but still signiﬁcantly diﬀerent from 1:1, could be determined with a superior
internal precision. In the end, that resulted in an improvement of the uncertainty
associated with the dead time. Aside from the detector dead time issue, some
authors have also reported the occurrence of “sag”, which manifests itself as a count
rate reduction, more so than would be expected from the abovementioned dead
time-induced losses.169 At higher count rates, the detector’s gain diminishes such
that the magnitude of the pulses generated by incident ions is reduced. However,
as a result, some pulses can no longer be registered by the detection system, if the
magnitude of these pulses falls below a certain threshold value. Fortunately though,
no such eﬀect was observed at count rates of up to 3 200 000 counts s−1.44
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6.3.2 Mass bias correction
The mass discrimination eﬀects observed in ICP-MS typically manifest themselves
as a higher sensitivity for ions with a higher mass, resulting from the mass-
dependencies of the ion extraction, transmission and detection eﬃciencies. The
magnitude of the bias thus created (mass bias) is typically denoted by means of a
K-factor, as was illustrated in the previous section, where it was deﬁned as
Kbias =
Rtrue
Rτ
(6.18)
Although the mechanisms behind the occurrence of mass discrimination in ICP-MS
are not yet fully understood, a number of potentially contributing factors have
been identiﬁed. As the plasma is sampled via the interface and positive ions are
transported through the extraction lens behind the skimmer cone, they move at
the same speed, i.e. that of the bulk plasma gas. As a result, the positive ions’
kinetic energies are mass-dependent rather than uniform, aﬀecting their respective
transport eﬃciencies. As was already mentioned in Chapter 2, the positive ions in
the ion beam repel one another, due to the occurrence of so-called space-charge
eﬀects. As a result of this phenomenon, ions with a lower kinetic energy, i.e.
lighter ones, have a higher probability of being expelled from the ion beam than
those with a higher kinetic energy, i.e. heavier ones. In addition, processes that
take place during the supersonic expansion of the plasma gas, which emerges from
behind the sampler cone, are also believed to play a role. Moreover, the detector’s
response may also be mass-dependent (see Section 6.3.1), although the Element2’s
SEM has been designed such that the resulting mass bias should be minimal (see
Section 3.1.1). However, speciﬁcally in the case of ICP-SFMS instruments such
as the Element2, an additional important aspect may aﬀect the observed mass
discrimination. When a mass spectrum is acquired through a so-called E-scan at
a ﬁxed magnetic ﬁeld strength, it is necessary to reduce the accelerator voltage for
monitoring ions of increasing mass-to-charge ratios (see Section 2.7.2). Reducing
the accelerator voltage has the side eﬀect of reducing the ion transport eﬃciency,
whereby the sensitivity for heavier ions is reduced as one moves further away from
the magnetic sector’s rest mass. It should be noted that this “negative” mass
bias counteracts the abovementioned “positive” mass bias eﬀects to some extent.
Moreover, the concentration of an analyte, or more likely its concomitant matrix,
may also exert an important inﬂuence with regard to the magnitude of the observed
mass bias. In whichever way they may manifest themselves, several approaches
have been considered for coping with the mass discrimination eﬀects observed in
ICP-MS with the purpose of performing more accurate isotopic analysis, a number
of which are highlighted below. These approaches are typically subdivided into
two separate groups, those based on the simultaneous analysis of a calibrator and
the measurand (internal correction) and those based on their sequential analysis in
a standard-sample-standard bracketing approach (external correction).39,44,90
There are two widely employed internal correction procedures, used for the
purpose of mass bias correction in isotopic analysis by means of ICP-MS, which
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are based either on an inter- or on an intra-element correction. Firstly, an internal
standard element (e.g. Tl) of known isotopic composition, and of similar mass with
respect to the analyte (e.g. Pb), may be added to each sample. In this way, the mea-
surement of an independent, but well characterised, isotope ratio (e.g. 203Tl/205Tl)
may be used to perform a mass bias correction on the measurement of an analyte’s
isotope ratio (e.g. 207Pb/208Pb). However, for a single-collector instrument, where
each nuclide has to be measured sequentially, but in rapid succession to cope with
the fact that the ICP is a noisy ion source, monitoring additional masses inevitably
leads to a deterioration of the isotope ratio precision attainable. Secondly, an
analyte element (e.g. Sr) with a radiogenic isotope (e.g. 87Sr) may posses an
additional isotope pair of which the relative composition is almost invariant in
nature (e.g. 86Sr, 88Sr). Simultaneously measuring an invariant isotope ratio (e.g.
86Sr/88Sr) allows one to correct for the mass bias that aﬀects the measurement
of the isotope ratio of interest (e.g. 87Sr/88Sr). However, this second approach is
certainly not applicable to samples with aberrant isotopic compositions, such as
those encountered in spent nuclear fuels. With both approaches described above,
correction equations have to be applied to account for the fact that the magnitude
of the mass bias is dependent on how far the two isotopes are spaced apart in the
mass spectrum, requiring the mass bias to be expressed on a per mass unit basis.
Three commonly employed empirical equations are presented below, which assume
that the mass discrimination factor varies as a linear, power-law or exponential
function with the diﬀerence in mass between the two isotopes, respectively.
Kbias =
Rtrue
Rτ
= (1 + lin ·∆m) (6.19)
Kbias =
Rtrue
Rτ
= (1 + pow)
∆m (6.20)
Kbias =
Rtrue
Rτ
= eexp·∆m (6.21)
The linear equation is the simplest of these models and may be suﬃcient perhaps
to correct for mass bias when using a single-collector instrument. Conversely,
the more complicated power-law and exponential models have both been con-
sidered for high-precision isotopic analysis, when using multi-collector instru-
ments, although these equations are closely related to one another and have been
shown to give similar results.90 However, whereas the above equations only take
into account diﬀerences in mass, Russell’s exponential equation goes one step
further and also considers the isotopes’ actual masses, which is more congru-
ent with empirical results (i.e. that mass bias is more pronounced for lighter
isotope pairs).170 Russell’s exponential model, which is, somewhat confusingly,
sometimes also referred to simply as the exponential model, is presented below.
Kbias =
Rtrue
Rτ
=
(
m2
m1
)βexp
(6.22)
Moreover, the use of a number of additional, increasingly complex, equations
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has also been described in the literature to correct for mass bias in high-precision
isotope ratio measurements, but these are not considered in this text. However,
whereas the abovementioned internal correction procedures, and the accompanying
correction equations, are used routinely for isotopic analyses by means of ICP-QMS
and MC-ICP-SFMS, they may not be applicable in all cases where a single-collector
ICP-SFMS instrument is employed. Indeed, when the observed mass bias was
expressed on a per mass unit basis via Russell’s equation (βexp), Quétel et al. found
a signiﬁcant diﬀerence in mass discrimination when considering three separate
U isotope ratios on an ICP-SFMS.171 In contrast, the same authors observed
no such discrepancy for two ICP-QMS instruments and a single MC-ICP-SFMS
instrument. As a result, this aberrant behaviour was attributed to the fact that
the accelerator voltage is reduced in order to perform a mass scan, which, as a side
eﬀect, also reduces the transmission eﬃciency for heavier ions. Therefore, it was
deemed necessary to ﬁrst corroborate this observation for SCK CEN’s nuclearised
Element2, in this case for three separate but simultaneously determined Dy isotope
ratios. Of the lanthanides under consideration, Dy was selected because its natural
isotopic composition has been relatively well characterised and because it possesses
four isotopes of similar abundance (see Table 6.2), while the element’s isotopic
composition is not particularly highly variable in nature. The mass biases per
mass unit, as given by the linear equation and by Russell’s exponential model, for
thirty replicate measurements of the three Dy isotope ratios under consideration,
are presented in Figure 6.4. Ideally speaking, no discernible diﬀerence ought to
be visible between the three isotope ratios. Unfortunately, as expected based on
Quétel’s reported observations, this turned out to not be the case, for either model.
As a result, using an internal correction procedure will inevitably lead to erroneous
ε l
in
Ratio
0.0000
0.0008
0.0016
0.0024
0.0032
0.0040
161Dy/164Dy 162Dy/164Dy 163Dy/164Dy
ll
l
l
lll
lll ll
lllll
ll l
ll
lll
l
l
ll
ll ll
ll
lll
lllll
llll
l
l
ll
l
l
ll
lll
lll
lll
l
l
l
l
l
ll
l
ll l
l
l
εlin = 
Kbias − 1
m2 − m1
(a) Linear model
β ex
p
Ratio
0.0000
0.1200
0.2400
0.3600
0.4800
0.6000
161Dy/164Dy 162Dy/164Dy 163Dy/164Dy
ll
l
l
l ll
llll
lll
llll
lll
lll
l
l
ll
llll
ll
lll
ll ll
l ll
l
l
ll
l
l
lll
ll
llll
lll
ll
l
l
l
l
l
l
l
lll
l
l
βexp = ln Kbiasln m2m1
(b) Russell’s exponential model
Figure 6.4: Mass bias on a per mass unit basis for three separate Dy isotope ratios that were determined
within a single analysis (n = 30). The linear and the exponential model yield similar results, neither
being capable of compensating for mass bias when an internal correction procedure is employed.
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results, because the mass bias correction factor expressed on a per mass unit
basis for a given pair of isotopes cannot be well characterised by means of a diﬀerent
isotope pair, when using either of the models under consideration.37,39,44,90,158,170–172
Consequently, an external mass bias correction procedure was deemed necessary,
rather than applying any of the internal correction procedures described above,
to permit the most accurate isotopic characterisation of samples by means of
an Element2 ICP-SFMS. In this approach, the isotopic analysis of samples and
standards is performed sequentially, with standards bracketing the sample(s),
i.e. an isotope ratio is measured in a single or a small number of samples, each
time preceded and followed by the measurement of the same isotope ratio in
a well deﬁned isotopic standard. In this way, the mass bias correction factors
Kbias for the samples can be calculated on the basis of the mass biases that are
observed for the standard solutions, through e.g. averaging or interpolation. Most
important, is the fact that none of the mass bias correction equations described
above need be considered, if and when the exact same isotope pair is considered
in the samples as in the standards. However, in this approach, is it especially
critical that the mass bias correction factor Kbias remains relatively constant in
time during a measurement sequence, in addition to the fact that analytes should
be isolated or that samples and standards ought to be at least matrix-matched,
to cope with matrix-induced mass discrimination eﬀects. Therefore, the short-
and long-term stability of the mass bias correction factor was ﬁrst investigated
(see Figure 6.5). For that purpose, thirty replicate isotope ratio measurements
were performed, over a period of 3 h, on ﬁve separate days, using a 2.5 µgL−1
Dy standard of natural isotopic composition prepared in a 1M HNO3 matrix.
As can be seen in Figure 6.5a, typically, no signiﬁcant drift trend could be
K−
fa
ct
or
Se
ns
itiv
ity
 d
rif
t
Replicate Measurement (tm ≈ 3h)
1.002
1.003
1.004
1.005
1.006
1.007
 80 %
 85 %
 90 %
 95 %
100 %
105 %
0 6 12 18 24 30
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
K−factor Sensitivity drift
161Dy
162Dy ≈ 0.74
(a) Short-term stability
K−
fa
ct
or
Replicate Experiment
1.002
1.003
1.004
1.005
1.006
1.007
1 2 3 4 5
l
l
l
l
l
ll l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
Day 1
l
l
l
l
l l
l
l
l
ll
lll
l
l
l
l
l
l
l
ll
l
l
l
l
Day 2
l
l
l
l
l
l
l
l
l
lll
l l
l
l
l
ll l
l
l
l
l
ll
l
Day 3
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
lll
l
l
l
l
l
l l
l
l
l
Day 4
l
l
l
l
l
ll
l
l
l
l
l
l
lll
l
l
l
l
l
ll
l
l
l
l
l
Day 5
161Dy
162Dy ≈ 0.74
(b) Long-term stability
Figure 6.5: (a) Stability of the mass bias correction factor over a single measurement sequence of ca. 3h
in duration, as determined for a given Dy ratio in a simple acidic matrix. The error bars represent the
internal precision, expressed as a standard deviation on the ﬁve runs that deﬁne a single data point. The
dashed lines represent Kbias ± 2 · s (Kbias) for the thirty replicate measurements in a single sequence.
(b) Long-term stability of the K-factor over a number of days with slightly variable operating conditions.
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observed throughout a measurement sequence of only a few hours in duration,
even though the instrument’s sensitivity was often found to decline by about
5% over that same period of time. In contrast, the magnitude of the mass bias
was found to be subject to change on a day-to-day basis, as can be seen in
Figure 6.5b, where the label “Day 1” refers to the data that are presented in
Figure 6.5a. As a result, if analytes have been isolated from their concomitant
matrix, or if samples and isotopic standards have been matrix-matched, then
the mass bias correction factor may perhaps be thought of as constant during a
single measurement sequence, although it is of course vital that its magnitude be
determined on a daily basis and veriﬁed throughout each sequence. Furthermore,
the constancy of the mass bias correction factor, versus analyte concentration,
was also investigated (see Figure 6.6). For this purpose, two separate Dy isotope
ratios were measured ten-fold in three separate standard solutions, containing Dy
at diﬀerent concentrations in a 1M HNO3 matrix. The replicate measurements
of a given isotope ratio were each carried out at alternating Dy concentrations,
in a single measurement sequence. Two separate isotope ratios were considered,
mainly because deviations induced by an inadequate dead time correction would
be more apparent for a ratio deviating from 1:1 (i.e. 160Dy/162Dy), whereas other
eﬀects would likely also be observed for a ratio closer to 1:1 (i.e. 161Dy/162Dy).
In both cases, whilst taking into account their inherent variability, the mass
bias correction factors were believed to be independent of analyte concentration
over the range studied (≤ 8 µgL−1). For the 160Dy/162Dy ratio, however, the
measurements corresponding to the lowest concentration standard are not shown
in Figure 6.6b, because contamination of reagents was of some concern, especially
when a less abundant nuclide such as 160Dy is considered at relatively low Dy
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Figure 6.6: Mass bias correction factors as a function of analyte concentration, for two separate Dy
isotope ratios. The dashed lines represent Kbias ± 2 · s (Kbias) for each and every mass bias correction
factor observed for a given isotope pair, regardless of the analyte concentration.
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concentrations. In that one case, no reliable mass discrimination factors could
be determined, since no blank correction was applied for this experiment, with
lanthanide blank signals typically ranging from 50 to 200 counts s−1.37,39,44,90
6.3.3 Internal precision
For the purposes of this text, the internal precision was deﬁned as a simple
standard deviation of a number of replicate measurements performed on a single
sample (referred to as “runs” in the Element2’s software suite). Although the
precision may be improved in various ways, e.g. through proper selection of the
sample introduction system, a lower limit is eventually inevitably reached that
cannot be surpassed. This fundamental limitation arises from the fact that arrival
of ions at the detector is considered to be a random process governed by Poisson
counting statistics. As a result, the arrival and detection of positive ions by means
of an SEM is subject to white noise, which can never be fully eliminated. If the
assumption holds that the number of incident ions is a random variable following
a Poisson distribution, then the probability P (c) of counting c ions is given by
P (c) =
N c · e−N
c!
(6.23)
for which it can be shown that the parameter N represents the expected number
of events as well as its corresponding variance. As such, the standard deviation
on a detector signal corresponding to N counts is theoretically given by
s (N) =
√
N (6.24)
Let us then consider an isotope ratio R for a pair of nuclides, in which two count
rates I1 and I2 are ratioed against each other, each corresponding to total numbers
of counts N1 and N2, respectively. The count rates and total numbers of counts
relate to one another via measurement times t1 and t2, spent monitoring each
respective nuclide during a single run. Thus, the isotope ratio is given by
R =
I1
I2
(6.25)
=
N1
N2
· t2
t1
(6.26)
The relative standard deviation on this isotope ratio can then be determined, in a
relatively straightforward manner, via the laws of error propagation. Assuming
that the measurements times t1 and t2 are constants and furthermore that the
total number of counts are independently Poisson-distributed, it can be shown
that the relative standard deviation of the isotope ratio equates to
s (R)
R
=
√(
s (N1)
N1
)2
+
(
s (N2)
N2
)2
(6.27)
=
√
1
N1
+
1
N2
(6.28)
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Even if the contribution of most sources of noise was eliminated, the attainable
isotope ratio precision would still always be limited by Equation 6.28.90,158
As a result of Equation 6.28, it is clear that the attainable isotope ratio
precision can only be improved further by increasing the number of pulses that is
collected by the detector. This may be achieved in three ways, either by increasing
the analyte concentration, the instrument sensitivity or the total measurement
time. However, when the detector is operated in the pulse counting mode, the
signal intensities corresponding to higher analyte concentrations are subject to
increased dead time-induced pulse count losses. In addition, due to issues with
the long term precision of ICP-MS instrumentation, measurement times cannot
be prolonged indeﬁnitely to further improve the precision. Therefore, signal
intensities and measurement times are typically limited to reasonable values
of e.g. 1 000 000 counts s−1 and 1min, respectively. To illustrate what kinds
of isotope ratio precisions ought to be theoretically attainable, Equation 6.28
is ﬁrst rewritten in terms of the Element2’s data acquisition parameters.90
s (R)
R
=
√√√√√ 1wi,1
100 %
· ns,1 · td,1 · np,1 · I1
+
1
wi,2
100 %
· ns,2 · td,2 · np,2 · I2
(6.29)
In Equation 6.29, I represents the observed signal intensity, wi represents the in-
tegration window, ns represents the number of samples per peak, td represents the
dwell time and np represents the number of passes in a single run. As a result, when
using the data acquisition parameters that are presented and described in Table 6.1
and the main text of Section 6.2.1, the optimum isotope ratio precision theoreti-
cally amounts to ca. 0.026% RSD, if signal intensities of 1 000 000 counts s−1 are
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Figure 6.7: (left) Isotope ratio precision for thirty 161Dy/162Dy ratios, determined under optimum
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assumed for two isotopes of similar abundance (i.e. for a 1:1 ratio). The actual
experimentally attainable isotope ratio precision, under optimum conditions, was
determined by performing thirty 161Dy/162Dy isotope ratio measurements, at
similar signal intensities when compared to those described above, on ﬁve separate
days (see Figure 6.7). In ≥ 75% of cases, the isotope ratio precision, calculated
on the basis of ﬁve consecutive runs, was ≤ 0.06% RSD with an average of about
0.04% RSD, which is comparable to values that have previously been reported in
the literature (see Section 6.1). In addition, the monitoring of additional nuclides
was also investigated, for the determination of multiple isotope ratios within a
single analysis. This leads not only to a deterioration in counting statistics, if
the total measurement time is kept constant, but also reduces the ability of a
single-collector instrument for coping with short term ﬂuctuations in the ion beam.
However, when three isotopes were monitored instead of two, the isotope ratio
precision was not found to be severely aﬀected. When four isotopes were monitored
in sequence, instead of two, the isotope ratio precision deteriorated by ca. 0.02%,
about half of which was accounted for by the poorer counting statistics. However,
whereas an optimum isotope ratio precision of ca. 0.04% had been observed, under
optimal conditions with an isotope ratio of about 1:1 for an element that was
present at suﬃciently high concentration, such favourable prerequisites will most
often not be met in practice. Therefore, the attainable isotope ratio precision
was further investigated, as a function of signal intensity and of isotope ratio.
The extent to which the attainable isotope ratio precision is aﬀected by analyte
concentration is presented in Figure 6.8, for two diﬀerent Dy isotope ratios. For
each ratio, three diﬀerent standards were considered, each analysed ten-fold,
alternatingly, in a single measurement sequence. The experimentally determined
isotope ratio precisions were comparable to those predicted theoretically by Poisson
counting statistics, whereby the isotope ratio precision was found to improve with
increasing analyte concentration, according to a trend similar to that established by
Equation 6.29. As is apparent from this ﬁgure, the isotope ratio precision predicted
and observed for the 160Dy/162Dy is worse across the board, when compared to the
161Dy/162Dy ratio, due to the poorer counting statistics for the lower abundant
minor isotope. The eﬀect that an extreme ratio has on the isotope ratio precision is
illustrated in Figure 6.9a, where the results for three signiﬁcantly diﬀerent Dy ratios
are considered. While the signal intensity of the major isotopes remains constant,
the isotope ratio precision deteriorates due to the increasingly poor counting
statistics on the minor isotopes. As before, the observed precision follows a trend
similar to that described theoretically by Poisson counting statistics. However, for
a ratio diﬀering signiﬁcantly from 1:1, the isotope ratio precision may be improved,
without increasing either the analyte concentration or adjusting the measurement
time, by shifting the total data acquisition time’s centre of gravity towards the
minor isotope. This is illustrated in Figure 6.9b, where the isotope ratio precision
is depicted as a function of the dwell time on the minor isotope. Once again,
experimental observations were comparable with predictions based upon Poisson
counting statistics. At this point, it is worth noting that the optimum allocation
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Figure 6.8: isotope ratio precision for two separate Dy ratios, as a function of the signal intensity
observed for the major isotope 162Dy. For each ratio, each standard was analysed ten-fold, alternatingly,
in a single measurement sequence such that the isotope ratios could be directly compared. The
experimental RSDs were calculated on the basis of ﬁve sequential runs, comprising a single analysis,
whilst the theoretical isotope ratio precision was calculated on the basis of Equation 6.29.
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Figure 6.9: (a) isotope ratio precision as a function of the magnitude of the isotope ratio itself. A single
standard was considered, wherein each of the three isotope ratios under consideration was measured
ten-fold, alternatingly, in a single measurement sequence. (b) isotope ratio precision as a function of
dwell time on the minor isotope, for the 158Dy/162Dy ratio. A single standard was considered, wherein
the isotope ratio under consideration was determined using any of ﬁve diﬀerent dwell times. Each
isotope ratio measurement, for a given dwell time, was carried out ten-fold, alternatingly, in a single
measurement sequence. In each case, the dwell time on the major isotope was also adjusted, such
that the data acquisition time remained constant at 100ms per pass. The experimental RSDs were
calculated on the basis of ﬁve sequential runs, comprising a single measurement, whilst the theoretical
isotope ratio precision was calculated on the basis of Equation 6.29, under the assumption that the
signal intensity on the major isotope 162Dy amounted to 1 000 000 counts s−1.
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of data acquisition time between two isotopes showing a relatively extreme ratio,
can also be determined beforehand, if the attainable isotope ratio precision is
assumed to be governed only by Poisson counting statistics. The derivation of
a relatively simple equation that can be employed to this end is derived below.
First consider Equation 6.28 once again, which states that the theoretical op-
timum isotope ratio precision is limited by the total numbers of counts that
are collected. Similarly to Equation 6.29, but in a more general case, this
equation can be rewritten in terms of signal intensities I and acquisition times t.
s (R)
R
=
√
1
I1 · t1 +
1
I2 · t2 (6.30)
If the total data acquisition time is given by t, which is the sum of the times
allocated to each isotopes, then a parameter f can be deﬁned as
f =
t1
t
(6.31)
1− f = t2
t
(6.32)
Furthermore, if the mass bias can be considered to be negligible and if an estimate
of the isotope ratio is also available, then that ratio R can be written as
R =
I1
I2
(6.33)
Substituting Equations 6.31, 6.32 and 6.33 into Equation 6.30 yields
s (R)
R
=
√
1
I1 · t · f +
R
I1 · t · (1− f) (6.34)
Thus, varying f , which is a measure for the allocation of data acquisition time
between both isotopes, expressed as a fraction in the range ]0, 1[, clearly has an im-
portant inﬂuence on the lower limit of the isotope ratio precision attainable. Find-
ing the speciﬁc value of f that corresponds to the theoretical optimum isotope ratio
precision is a straightforward matter. In this simple minimisation problem, the
radicand under the root in Equation 6.34 is ﬁrst derived with respect to f
∂
∂f
(
1
I1 · t · f +
R
I1 · t · (1− f)
)
= 0 (6.35)
f2 · (R− 1) + f · 2− 1 = 0 (6.36)
When solved for f , Equation 6.36 yields two solutions, one of which is mean-
ingful in this context. As such, for an isotope ratio R, the theoretical optimum
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isotope ratio precision can be attained when using the parameter f given by
fopt =
−2 +√4− 4 · (R− 1) · (−1)
2 · (R− 1) (6.37)
=
√
R− 1
R− 1 (6.38)
=
1√
R+ 1
(6.39)
As expected, when governed by Poisson counting statistics, the optimum value
of f is only dependent on the isotope ratio under consideration. Logically, for a
ratio near unity, its optimum value is 0.5, such that the total data acquisition
time ought to be distributed evenly between both isotopes. However, a rela-
tion that is more easily interpretable can be obtained by deﬁning an additional
quantity q, as the ratio of the data acquisition times for both isotopes
qopt =
topt,1
topt,2
(6.40)
=
fopt · t
(1− fopt) · t (6.41)
=
1√
R
(6.42)
Consequently, to obtain a theoretically optimum isotope ratio precision, the ratio
of the data acquisition times ought to equate to the inverse of the square root of
the ratio of the approximate isotopic abundances, e.g. the minor isotope should be
monitored 100 times longer than the major isotope for an isotope ratio near 10−4.
However, it should be noted this relation assumes that isotope ratio precision is
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Figure 6.10: Optimum allocation of data acquisition time between the minor and the major isotope.
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governed only by Poisson counting statistics, which may not hold true if other
signiﬁcant sources of noise are present (e.g. the scan rate may also need to be
considered to cope with ion beam instabilities). Plots of the optimum fractions
fopt and ratios qopt, as deﬁned in Equations 6.31 and 6.40, respectively, versus
the values of the corresponding isotope ratios, are presented in Figure 6.10.
Up to this point, results of only a limited number of Dy isotope ratio measure-
ments have been reported upon. To allow for a comparison to be made between the
isotope ratio precision characteristic of the Element2 ICP-SFMS and that which is
typically observed for SCK CEN’s Sector 54 MC-TIMS instrument, supplemental
data was collected, for a wider ranger of lanthanides. To that end, isotope ratio
measurements were performed, in pairs of two, on Nd, Sm, Eu, Gd and Dy stan-
dard solutions. As such, three nuclides were monitored sequentially during each
measurement. For each element, a standard solution was prepared such that the
signal intensity on the selected reference isotope, as indicated in Table 6.2, was ca.
1 000 000 counts s−1. For data acquisition, dwell times of 6.6ms were employed for
each of the isotopes under consideration, even though this resulted in sub-optimum
conditions for the more extreme isotope ratios. As a result, the total measurement
time, of the three nuclides combined, amounted to ca. 60 s for a single run. The re-
sults of these measurements are shown in Figure 6.11. As can be seen in this ﬁgure,
> 50% of the experimentally determined isotope ratio precisions lie in-between
one and two times those that were predicted theoretically by Poisson counting
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Figure 6.11: isotope ratio precision depicted as a function of the value of the isotope ratio under
investigation. For each of the lanthanides under consideration, single but separate standard solutions were
prepared such that the signal intensity on the reference isotope would amount to ca· 1 000 000 counts s−1.
isotope ratio measurements on these samples were performed in pairs of two, whereby three isotopes
were monitored sequentially (except when considering Eu). The experimental RSDs were calculated on
the basis of ﬁve sequential runs, comprising a single measurement. For each of the isotope ratios, such
measurements were performed twenty-fold in a single sequence over a period of ca. 2h. The theoretical
isotope ratio precision was calculated on the basis of Equation 6.29, under the assumption that the
signal intensity for the reference isotope amounted to 1 000 000 counts s−1. Two dotted lines are shown,
corresponding to one and two times the theoretical isotope ratio precision.
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statistics. However, it is diﬃcult to compare these speciﬁc isotope ratio precisions
with those that have previously been obtained and reported upon at SCK CEN,
for isotopic analysis of lanthanides by means of MC-TIMS, in a routine setting,
because the isotopic abundances of the lanthanides native to spent nuclear fuel are
so diﬀerent from those encountered in nature (e.g. the naturally occurring 142Nd
isotope is not present at signiﬁcant levels in spent nuclear fuel samples). As a result,
for the nuclearised Element2 ICP-SFMS instrument, two times the theoretically
predicted value was considered to be a conservative, yet realistic, estimate of the
attainable isotope ratio precision by the author, which could then be compared
to those values that have historically been obtained with SCK CEN’s Sector 54
MC-TIMS instrument and which have kindly been made available to the author.
At SCK CEN, Nd isotope ratio measurements, performed with the abovemen-
tioned Sector 54 MC-TIMS instrument, are typically carried out in the static
multiple Faraday collector mode. For that particular element, experimental data
for three diﬀerent samples were made available to the author, in which a number
of isotope ratios with values ranging from ca. 0.2 to 3 were determined. For these
samples, the observed internal precisions for each of the isotope ratios ranged
from ca. 0.005 to 0.03% RSD, with an average value of about 0.01%. The iso-
tope ratio precisions that would be attainable with the Element2 ICP-SFMS, on
the other hand, were estimated as two times that predicted by Poisson count-
ing statistics, using Equations 6.34 and 6.42, under the assumptions that the
signal intensity on the reference isotope would amount to 1 000 000 counts s−1
and that the total measurement time was 60 s. In this way, for isotope ratios
ranging from 0.2 to 3, estimated internal precisions of ca. 0.041 to 0.084% RSD
were calculated. Thus, for Nd, the isotope ratio precisions attainable with the
ICP-SFMS unit were found to be inferior to those previously obtained with the
MC-TIMS instrument. Moreover, the need to correct for mass bias, which is not
only more pronounced for ICP-MS instruments than for TIMS instruments, but
which is also more prone to variation, was not yet taken into account. When
the mass bias correction factor is determined by means of an isotopically well
characterised external calibration standard, then its uncertainty is governed mainly
by the associated isotope ratio measurement. Consequently, if a an isotope ra-
tio of similar magnitude was considered in the standard as in the sample, then
the precision on the mass bias corrected isotope ratio would be deteriorated
further by at least a factor
√
2, according to the rules of error propagation.
Whereas Nd isotope ratio measurements were typically carried out in the TIMS
instrument’s multi-collector mode, Sm and Gd isotope ratios were determined
using a single Daly detector in the peak hopping mode. As a result, the isotope
ratio precisions associated with these measurements were markedly poorer. For
25 isotope ratios with values ranging from 0.3 to 3, the observed internal preci-
sions ranged from ca. 0.03 to 3% RSD, with an average value of about 0.24%.
Secondly, for 17 isotope ratios with values ranging from 0.03 to 0.3, the observed
internal precisions lay in between 0.01 and 6% RSD, with an average value of
about 0.26%. Lastly, for 13 isotope ratios in the range 0.003 to 0.03, internal
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precisions of ca. 0.04 to 10% RSD were observed, with an average value of about
0.85%. The estimated isotope ratio precision attainable with the ICP-SFMS
instrument, on the other hand, when calculated as described above, amounted
to ca. 0.50, 0.18, 0.073 and 0.041% RSD for isotope ratios of 0.003, 0.03, 0.3
and 3, respectively. Consequently, these values were found to be competitive
with those previously obtained with the Sector 54 instrument, even when a de-
terioration of the precision with a factor
√
2 is taken into account, resulting
from the need for mass bias correction via an external calibration standard.
6.4 Conclusions and outlook
A number of the most important aspects related to the determination of isotope
ratios by means of a single-collector ICP-SFMS were investigated, including
(i) the correction for dead time-induced count rate losses, (ii) the correction
for mass discrimination eﬀects and (iii) the attainable internal precision.
The detector’s dead time was determined via a slightly modiﬁed version of the
procedure described by Appelblad and Baxter, which yields an unambiguous value
of τ along with an estimate of its associated combined uncertainty uc (τ). At the
same time, mass bias is taken into account, whilst the true isotope ratio does not
need to be known for determining τ . Some authors have reported that the dead time
is subject to change as a detector ages, although, in this case, no signiﬁcant change
in τ could be discerned over a period of about ten weeks, at more than one SEM
voltage setting. It has also been reported that, for some types of detectors, the dead
time may be mass-dependent. However, no such diﬀerences could be observed for
the Element2’s detector when Ba and Lu were considered, although the elements in
question clearly do not diﬀer immensely with respect to mass. As a result, a single
dead time of 12 ns was used in all subsequent work. This value was determined
via isotope ratio measurements of the 137Ba/138Ba pair, a ratio which diﬀers
signiﬁcantly from unity, although not so extreme that it cannot be determined
with a relatively decent internal precision. Lastly, whereas some authors have
reported the occurrence of sag, in addition to dead time-induced pulse pile-up, this
phenomenon was not observed at count rates of up to 3 200 000 counts s−1.
Conversely, the correction for mass bias eﬀects, when using single-collector
ICP-SFMS instruments such as the Element2, is somewhat more complicated than
for e.g. ICP-QMS instruments. As such, it was found that internal correction
procedures cannot be applied, because the mass bias correction factor cannot
be well characterised by means of the most commonly used correction equations.
Quétel et al. attributed this aberrant behaviour to the fact that the Element2’s
accelerator voltage has to be adjusted to enable rapid mass scans, whilst the
magnetic sector’s rest mass remains constant. As a result, for this type of
instrument, external correction procedures have to be considered, whereby isotopic
standards and samples are measured sequentially in a bracketing approach. If
the same isotope pair is considered in the standards as in the samples, then
none of the correction equations referred to above need be employed. However,
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in this case, sample pretreatment is more critical to attenuate matrix-induced
mass discrimination eﬀects. In addition, isotopic reference materials have to
be available for each of the elements under consideration. Moreover, the mass
bias correction factor needs to either remain relatively constant or vary along
a well-established trend. Fortunately, at least for simple standard solutions, it
was found that the mass bias correction factor can be thought of as constant
during a single measurement sequence. In addition, in the range studied, the mass
bias correction factor was found to be independent of analyte concentration.
The optimum internal precision, deﬁned as a simple relative standard deviation
of a number of runs, comprising a single analysis, was, on average, about 0.04%
RSD. Such values were obtained for an isotope ratio of ca. 0.74, with a signal inten-
sity of ca. 1 000 000 counts s−1 for the reference isotope and data acquisition times
of about 30 s for both nuclides. If the total numbers of counts for both isotopes are
assumed to be independently Poisson-distributed, then it can be shown that, under
the abovementioned conditions, the lower limit of the attainable precision falls just
below 0.03% RSD. As a result, Poisson counting statistics were found to be the
predominant source of noise, a speciﬁc source of noise which can never be fully elim-
inated. In addition, it was demonstrated that the isotope ratio precision follows
along a similar trend predicted by Poisson counting statistics, for varying isotope
ratios, dwell times and signal intensities. Moreover, two times the theoretical
isotope ratio precision was considered to be a conservative, yet realistic, estimate
of the experimentally attainable isotope ratio precision, when simultaneously
determining two ratios of Nd, Sm, Gd or Dy (i.e. when monitoring three nuclides
sequentially). Compared to the isotope ratio precisions that have previously been
reported upon at SCK CEN, for an ageing Sector 54 MC-TIMS instrument, those
attainable with the Element2 were found to be competitive in a few cases. However,
as anticipated, the optimum isotope ratio precision of ca. 0.005% RSD, obtained
with the Sector 54 instrument operating in its multi-collector mode, could not
be matched. In contrast, for elements for which the MC-TIMS instrument is
typically operated with a single Daly detector only, the Element2 might even be
found to surpass the Sector 54 unit in terms of isotope ratio precision. However,
whereas the current study encompassed a number of simple exploratory experi-
ments only, further research will be required to evaluate the use of the Element2
ICP-SFMS for isotope ratio measurements in a routine setting at SCK CEN.
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7 Summary
The development, evaluation and application of a number of element- and isotope-
selective analytical methods was described in this text. More speciﬁcally, this work
aims to make a small contribution to the eﬀorts of the Belgian Nuclear Research
Centre (SCK CEN) towards the development of novel nuclear technologies. Despite
its controversial reputation, especially in the wake of the recent Fukushima Dai-ichi
accident, nuclear power currently still provides for more than 25% of Europe’s
electricity demands and it will most likely continue to play a pivotal role in the
foreseeable future. However, to ensure the sustainability and continued social
acceptance of nuclear power, the development of novel nuclear systems is essential.
To that end, the fourth generation of nuclear ﬁssion reactors is currently being
developed throughout the world, although these novel systems, such as the pro-
posed Lead-cooled Fast Reactor (LFR) design, will most likely not come to fruition
before 2030. One of the most important applications that is envisioned for these
types of technologies, aside from commercial power generation, is the management
of new and existing nuclear waste. Combined with partitioning, transmutation
of minor actinides into stable or shorter-lived nuclides with a fast reactor system
could reduce the storage time required for high-level nuclear waste by potentially
several orders of magnitude to as little as 1000 a. Important in the context of
this work is the fact that the eﬀorts of SCK CEN towards the development of
such innovative systems have been consolidated in the MYRRHA project.
Once operational, this Multi-purpose hYbrid Research Reactor for High-tech
Applications (MYRRHA) will serve as a source of protons and neutrons for a
variety of R&D applications, including research into structural materials and
fuels for advanced nuclear systems. Although the MYRRHA research reactor
will not itself be a Gen IV reactor, it will be based on the use of heavy liquid
metal-cooled fast reactor technology, which will enable it to contribute signiﬁcantly
to the development of the LFR concept and other Gen IV designs. However, the
innovative nature of the MYRRHA concept does pose some important design
challenges with regard to structural materials performance. The envisaged primary
coolant is a liquid Lead-Bismuth Eutectic alloy (LBE), which consists of ca. 45wt.%
Pb and ca. 55wt.% Bi. Despite its favourable thermophysical and neutronic
properties, this heavy liquid metal alloy is highly corrosive towards high-alloy
steels, which results in stringent requirements with regard to the selection of
structural materials. To that end, three diﬀerent high-alloy steels were selected as
candidate materials for various reactor components (T91, 316L and 15-15Ti), each
of which is expected to exhibit some resistance towards the corrosive nature of the
LBE. In this context, the multi-elemental trace analysis of LBE and high-alloy
steels is of importance, e.g. for the determination of trace elements that may aﬀect
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a steels mechanical characteristics or to monitor the corrosion product uptake rate
of the coolant. In both cases, however, the elements of interest are only expected
to be present at µg g−1 levels or below, whereby the use of a highly sensitive
technique is of paramount importance. Moreover, in the context of nuclear fuel
research and transmutation studies to be carried out at the MYRRHA facility,
isotope-selective analytical methods will also be called for in the future, e.g. for
the development and validation of computer models that are used to determine the
extent to which ﬁssile materials have been burnt. For a more in-depth discussion
of the context and objectives of this work, the reader is referred to Chapter 1.
Double-focusing Sector-Field Inductively Coupled Plasma-Mass Spectrometry
(ICP-SFMS) is a highly-sensitive element-selective analytical technique, which
combines the multi-elemental capabilities of Inductively Coupled Plasma-Optical
Emission Spectrometry (ICP-OES) with detection limits that surpass even those
associated with Graphite Furnace Atomic Absorption Spectrometry (GFAAS).
Therefore, this technique is an ideal candidate for the multi-elemental trace anal-
ysis of a wide variety of samples, including LBE samples and high-alloy steels.
Furthermore, in addition to mere elemental concentrations, the easily interpretable
atomic mass spectra also provide an isotopic ﬁngerprint. The latter allows for
the isotopic analysis of several types of samples, including spent nuclear fuels or
transmutation targets. Compared to the more widely adopted Quadrupole Induc-
tively Coupled Plasma-Mass Spectrometers (ICP-QMS), ICP-SFMS instruments
are typically characterised by a superior sensitivity, a lower background and the
potential to operate at higher resolution modes in order to eliminate many of the
frequently occurring spectral interferences. As a result, detection limits in the
ngL−1 range and below have been reported in the literature for the majority of
elements, levels which are most often limited by the blank levels attainable rather
than by instrument performance. However, whilst spectral interferences can often
be resolved in a straightforward manner when using an ICP-SFMS instrument,
attenuating matrix eﬀects is typically more troublesome. One straightforward and
elegant approach to deal with these non-spectral interferences is to apply highly
selective analyte/matrix separation procedures, prior to analysis by means of
ICP-SFMS. For that purpose, column chromatography is often considered, owing
to its simplicity and ease of use, whereby one or a few target elements are retained
on a speciﬁcally chosen highly selective resin, whilst the same resin exhibits little
or no aﬃnity for the concomitant matrix elements (or vice versa). In addition
to being highly suited for ultra-trace elemental analysis, the use of ICP-SFMS
for isotopic analysis is justiﬁed as a result of its superior isotope ratio precision,
e.g. when compared to traditional ICP-QMS instruments, with optimum values
of ca. 0.05% RSD having been reported in the literature, a fact which has been
attributed to the technique’s characteristic ﬂat-top peaks. Even though such
values are of course more modest than the ≤ 0.01% RSD values that are routinely
reported for Multi-Collector Thermal Ionisation Mass Spectrometers (MC-TIMS),
the use of single-collector ICP-SFMS may still be found to be ﬁt-for-purpose
in select cases, e.g. due to a reduced need for labourious and time-consuming
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sample preparation procedures. For an overview of the strengths, weaknesses
and operating principles of ICP-SFMS, the reader is referred to Chapter 2.
The single-collector ICP-SFMS instrument used throughout this work is a
nuclearised Element2 (Thermo Scientiﬁc, Germany). This instrument has been
coupled to a stainless steel nuclear glovebox, which houses all components up to
and including the interface region. The glovebox is kept at a slight underpressure
and permits the analysis of radioactive samples, if desired. A small number
of samples was also analysed by means of a more commonly used XSeries2
(Thermo Scientiﬁc, Germany) ICP-QMS instrument, such that the performance
of both instruments could be compared. For both ICP-MS instruments, typical
instrumental and data acquisition parameters are described in detail in Chapter 3.
Moreover, that chapter contains an overview of the reagents and labware that
were used throughout in the preparation of blanks, samples and standards.
The development and application of an analytical procedure for the multi-
elemental trace analysis of T91, 316L and 15-15Ti high-alloy steels was the subject
of Chapter 4. The main matrix elements in these alloys were identiﬁed as being Cr,
Fe and Ni in addition to lower amounts of Si, V, Mn, Co, Cu and Mo. In addition,
a list of potentially interesting target elements comprising B, Al, P, S, Ti, As, Zr,
Nb, Ta and W, was also compiled. These elements needed to be determined at
trace levels in a vast excess of the matrix elements. In order to attenuate spec-
tral and non-spectral interferences, as well as pronounced memory eﬀects, which
often hamper ICP-MS analyses of this kind, a highly selective analyte/matrix
separation procedure was developed and applied. In the ideal case, the envisaged
analyte/matrix separation procedure should have allowed for all target elements to
be selectively isolated from all matrix elements. Most important, though, was the
fact that at least the three main matrix elements Cr, Fe and Ni were eliminated.
For that purpose, a quick and eﬃcient column chromatographic analyte/matrix
separation protocol was devised, based on the use of AG 50Wx8 cation-exchange
resin. In this procedure, the major matrix elements Cr, Fe and Ni and a few of the
minor matrix elements are selectively retained on the cation-exchanger in a dilute
HNO3/HF medium, whilst the target elements themselves exhibit little to no
aﬃnity for the resin and elute rapidly under the same conditions. In the case of Fe
and Ni, matrix separation eﬃciency is > 99.9%, whilst for Cr it is > 90%. Overall,
about > 97.5% of the total matrix could be separated from the target elements
for the three high-alloy steels under consideration. In addition, this protocol was
later found to be applicable not only for the ultra-trace analysis of B, Al, P, S, Ti,
As, Zr, Nb, Ta and W in such steel alloys, but also to the determination of a wider
range of trace elements including Be, Ge, Se, Rh, Pd, Sn, Sb, Hf, Re, Ir and Pt.
The procedure that was proposed for the analysis of high-alloy steels was
validated by analysing (i) steel alloy Certiﬁed Reference Materials (CRMs), (ii)
mock samples and (iii) real high-alloy steels. Experimental results were gener-
ally found to be in good agreement with certiﬁed values for all three CRMs,
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whilst spike recoveries were around 100% when analysing mock samples. Proce-
dural Quantiﬁcation Limits (QL, 10s) were determined by analysing independent
procedural blanks, with optimum values at low ng g−1 levels for Re and Hf.
Finally, the procedure was applied to real steel alloy samples obtained from
SCK CEN, whereby the presence of most of the target elements was detected
in at least one of the samples, with the exception of Be, S, Se, Hf and Ir. The
procedure described above was speciﬁcally aimed at the analysis of T91, 316L
and 15-15Ti high-alloy steels, alloys with a high Cr, Fe and Ni content. Self-
evidently, however, the procedure can also be applied to other types of alloys or
even other types of samples, such as iron meteorites or high-purity Fe and Ni.
Whereas the multi-elemental trace analysis of T91, 316L and 15-15Ti high-alloy
steels was the subject of Chapter 4, Chapter 5 instead dealt with the determination
of trace elements in LBE, the MYRRHA research reactor’s primary heavy liquid
metal coolant, which is to be in direct physical contact with the abovementioned
steel alloys. For these types of samples, a separate list of potentially interesting
target elements comprising Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Nb, Mo, Ag, Cd,
Te, Ce, Re, Tl, Th and U was compiled (consisting e.g. of expected corrosion
products). As was the case for high-alloy steel samples, the accurate and precise
analysis of LBE samples by means of ICP-SFMS is hampered by the occurrence
of spectral and non-spectral interferences. However, compared to steel alloys,
the LBE matrix is a fairly simple one, consisting mainly of Pb and Bi. As a
result, the formation of matrix-induced spectral interferents is more predictable
and therefore less troublesome. Nonetheless, non-spectral interferences would
still impede the accurate determination of trace elements in this type of a ma-
trix. Therefore, prior to subjecting a digested sample to ICP-SFMS analysis,
the application of a highly selective analyte/matrix separation procedure was
deemed essential. However, although only two matrix elements needed to be
considered in this case, no single resin capable of selectively retaining both Pb
and Bi in an HNO3/HF medium could be identiﬁed. As a result, two separate
chromatographic resins had to be selected, each capable of retaining either Pb
or Bi, whilst having only a limited aﬃnity towards most of the target elements.
In the optimised analyte/matrix separation protocol, a tandem-column set-up is
used, whereby a 2mL column loaded with extraction chromatographic Pb Spec
resin is suspended above a 5mL column loaded with AG 1x4 anion-exchange resin.
The matrix element Pb is retained on the Pb Spec column whereas its counterpart
Bi shows an appreciable aﬃnity for the AG 1x4 column. The vast majority of
the target elements, on the other hand, exhibit no aﬃnity for either resin. As
a result, over 99% of the LBE matrix can separated from the rapidly eluting
target elements. The target element Re shows an aﬃnity for both resins and
ends up in two separate fractions, this element could nonetheless be successfully
separated from the matrix. In addition, although Ag and Tl also exhibit an aﬃnity
for the Pb Spec resin, they could still be separated from the LBE matrix.
The optimised procedure for the analysis of LBE samples was validated by
applying it to (i) Pb-matrix CRMs, (ii) mock samples and (iii) real LBE samples.
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Procedural QLs (10s), ranging from low ng g−1 levels for Th to sub-µg g−1 levels
for the contamination-prone Fe, were established by analysing procedural blanks.
Experimentally determined concentrations of elements for which the concentrations
in the Pb-matrix CRMs IMN PL33 and IMN PL66 was certiﬁed (i.e. Ni, Cu, Ag,
Cd, Te, Tl and Bi), were generally found to be in good agreement with their respec-
tive certiﬁed values. The only truly problematic element was Te, but only when
considering CRM IMN PL66, for which a bias of ca. −70% was observed. The
author believes that the cause may be attributed to the digestion procedure, but
not to the actual separation procedure itself, as no such issues were encountered for
mock samples or for the other CRM. Analysis of mock samples revealed excellent
recoveries for most target elements, but the result for Fe was of some concern.
However, the poor recovery of Fe may be attributed to the fact that the high-purity
Pb and Bi powders, used to prepare the mock samples, contained relatively high
levels of Fe that also appeared to be heterogeneously distributed. In addition,
the QL (10s) for the contamination-prone Fe was poor when compared to those
obtained for the other target elements. Comparison of results that were obtained
by means of the optimised procedure with results that were obtained by means of
Neutron Activation Analysis (NAA) at SCK CEN for ﬁve replicate analysis of a
batch of LBE showed good agreement between one another, with the exception of
Cr. Certain elements were found to be more homogeneously distributed in these
LBE samples (i.e. Ni, Cd and Tl) than others (i.e. Cu, Ag and Te). Moreover,
a correlation (ρ = 0.98) was found between the distributions of Cu and Ag in
the LBE samples, by analysis of the ﬁve replicate samples. A few of the target
elements served as chemical analogues for radionuclides that were in actuality of
interest, but to what extent their respective behaviours will be similar remains
to be seen. Literature data for the AG 1x10 anion-exchange and Sr Spec resins,
the latter being similar to Pb Spec resin, suggest that Re might indeed correctly
serve as a chemical analogue for Tc throughout the proposed separation procedure.
However, based on the same literature data, it appears unlikely that this is also
the case for Te and Po or for Ce and Pu. Therefore, it will be necessary to apply
the procedure to irradiated LBE samples, mainly to conﬁrm the behaviour of
210Po (which is formed due to neutron capture of 209Bi). The procedure described
in this work was aimed speciﬁcally at the quantitative analysis of LBE samples
originating from research projects related to the development of the MYRRHA
research reactor at SCK CEN. Certain reactor designs, however, may involve the
use of other liquid metal coolants. One proposed Gen IV nuclear reactor design for
commercial power generation (i.e. the lead-cooled fast reactor) would rely on the
use of pure Pb as a primary coolant. The accurate multi-elemental trace analysis
of Pb samples, by means of ICP-SFMS, would also be hampered by non-spectral
interferences, although the observed matrix eﬀects would be induced by only a
single matrix element instead of two. As a result, a much simpliﬁed analyte/ma-
trix separation procedure could be employed, based on the use of the Pb Spec
extraction chromatographic resin only. An analyte/matrix separation procedure
using only Pb Spec resin would be more straightforward and quicker because
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it avoids the complications of using multiple eluents and a tandem-column setup.
When the abovementioned procedure was applied to actual LBE samples, orig-
inating from experimental setups used at SCK CEN in the context of structural
material performance studies, a number of impurities and corrosion products could
be identiﬁed. For further details, the reader is referred to Appendix 5.5.1. A
number of these samples were also analysed by means of ICP-QMS, in combination
with simple dilution rather than analyte/matrix separation for attenuating non-
spectral interferences and memory eﬀects, the results of which were generally found
to be in good agreement with those obtained using ICP-SFMS. Self evidently,
however, QLs obtained via ICP-QMS were poorer across the board. Furthermore,
a number of additional samples were also analysed by means of NAA at SCK CEN,
the results of which were once again made available to the author. Although the
diﬀerence in QLs was less obvious, those obtained with ICP-SFMS were most
often at least on par with those reported for NAA, whilst quantiﬁable results were
generally found to be in good agreement with one another (with the exception
of Cr). When comparing the trace element content of a batch of LBE, before
and after prolonged contact with 316L high-alloy steel, a stark increase in the Ni
concentration was most apparent, which ﬁts with the widely reported selective
dissolution of Ni from such alloys into the LBE. In addition, there appeared to be
a signiﬁcant decrease in the Cd concentration, for which no apparent mechanism
could be identiﬁed. Even though these samples were also to be analysed by
means of NAA at SCK CEN, those results were not yet available at the time
of writing. As a result, this observation could not be independently veriﬁed.
Lastly, in Chapter 6, the capabilities of SCK CEN’s nuclearised Element2
ICP-SFMS instrument for the determination of isotope ratios was investigated.
The isotopic analysis of experimental or commercial nuclear fuels, in the context
of fuel qualiﬁcation or spent fuel burnup programs, is already carried out routinely
at SCK CEN, e.g. by means of an ageing Sector 54 MC-TIMS instrument. For the
analytical assays in question, the isotopic characterisation of select lanthanides is of
particular importance, which is why it is mainly these elements that were considered
in that chapter (i.e. Nd, Sm, Eu, Gd, Dy). Even though MC-TIMS instruments are
capable of providing superior isotope ratio precisions of ≤ 0.01% RSD on a routine
basis, compared to more modest optimum values of≤ 0.05% RSD that have been re-
ported for single-collector ICP-SFMS instruments, the Element2 may still be found
to be ﬁt-for-purpose in select cases, i.e. due to its superior sensitivity or the reduced
need for labour-intensive and time-consuming sample preparation procedures. In
this context, a few of the relevant considerations with regard to the determination
of isotope ratios by means of single-collector ICP-SFMS had to be investigated.
The most important aspects that were investigated included (i) the correction
for dead time-induced count rate losses, (ii) the correction for mass discrimination
eﬀects and (iii) the attainable internal precision. The detector’s dead time was
determined via a slightly modiﬁed version of the procedure described by Appelblad
and Baxter, which yields an unambiguous value of τ along with an estimate of its
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associated combined uncertainty uc (τ). At the same time, mass bias is taken into
account, whilst the true isotope ratio does not need to be known for determining τ .
Some authors have reported that the dead time is subject to change as a detector
ages, although, in this case, no signiﬁcant change in τ could be discerned over a
period of about ten weeks, at more than one SEM voltage setting. It has also been
reported that, for some types of detectors, the dead time may be mass-dependent.
However, no such diﬀerences could be observed for the Element2’s detector when
Ba and Lu were considered, although the elements in question clearly do not diﬀer
immensely with respect to mass. As a result, a single dead time of 12 ns was used
in all subsequent work. This value was determined via isotope ratio measurements
of the 137Ba/138Ba pair, making up an isotope ratio that diﬀers signiﬁcantly
from unity, although it is not too extreme, such that it can still be determined
with a relatively decent internal precision. Lastly, whereas some authors have
reported the occurrence of sag, in addition to dead time-induced pulse pile-up, this
phenomenon was not observed at count rates of up to 3 200 000 counts s−1. The
correction for mass bias eﬀects, when using single-collector ICP-SFMS instruments
such as the Element2, is somewhat more complicated than for e.g. ICP-QMS
instruments. As such, it was found that internal correction procedures cannot be
applied, because the mass bias correction factor cannot be well characterised by
means of the most commonly used correction equations. Quétel et al. attributed
this aberrant behaviour to the fact that the Element2’s accelerator voltage has to
be adjusted to enable rapid mass scans, whilst the magnetic sector’s rest mass
remains constant. As a result, for this type of instrument, external correction
procedures have to be used, whereby isotopic standards and samples are measured
sequentially in a bracketing approach. If the same isotope pair is considered in
the standards as in the samples, then none of the correction equations referred
to above need be employed. However, in this case, sample pretreatment is more
critical to attenuate matrix-induced mass discrimination eﬀects. In addition,
isotopic reference materials have to be available for each of the elements under
consideration. Moreover, the mass bias correction factor needs to either remain
relatively constant or vary along a well established trend within a single bracket.
For simple standard solutions, it was found that the mass bias correction factor
can be thought of as constant during a single measurement sequence. In addition,
in the range studied, the mass bias correction factor was found to be independent
of analyte concentration. The optimum internal precision, deﬁned as a simple
relative standard deviation on a number of runs, comprising a single analysis, was,
on average, about 0.04% RSD. Such values were obtained for an isotope ratio of ca.
0.74, with a signal intensity of ca. 1 000 000 counts s−1 for the reference isotope and
data acquisition times of about 30 s for each of both nuclides. If the total number
of counts for both isotopes are assumed to be independently Poisson-distributed,
then it can be shown that, under the abovementioned conditions, the lower limit of
the attainable precision falls just below 0.03% RSD. As a result, Poisson counting
statistics were found to be the predominant source of noise, a speciﬁc source of
noise which can never be fully eliminated. In addition, it was demonstrated that
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the isotope ratio precision follows a trend similar to that predicted by Poisson
counting statistics, for varying isotope ratios, dwell times and signal intensities.
Moreover, two times the theoretical isotope ratio precision was considered to be
a conservative, yet realistic, estimate of the experimentally attainable isotope
ratio precision, when simultaneously determining two ratios of Nd, Sm, Gd or Dy
(i.e. when monitoring three nuclides sequentially). Compared to the optimum
isotope ratio precisions of ca. 0.005% RSD that have previously been reported
upon at SCK CEN, for an ageing Sector 54 MC-TIMS instrument operating in the
multiple Faraday collector mode, those obtained with the Element2 ICP-SFMS
were about an order of magnitude worse. In contrast, of elements for which the
MC-TIMS instrument is typically operated in the single-collector mode, by using a
single Daly detector only, in the peak-hopping mode, the Element2 might even be
found to surpass the Sector 54 unit in terms of isotope ratio precision. However,
whereas the current study encompassed a number of simple exploratory experi-
ments only, further research will be required to evaluate the use of the Element2
ICP-SFMS for isotope ratio measurements in a routine setting at SCK CEN.
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8 Samenvatting
In de loop van deze tekst werd de ontwikkeling, evaluatie en toepassing van een
aantal element- en isotoop-selectieve analytische methoden beschreven. In het bij-
zonder probeert dit werk een kleine bijdrage te leveren tot de inspanningen die het
studiecentrum voor kernenergie SCK CEN levert ten behoeve van de ontwikkeling
van nieuwe nucleaire technologieën. Ondanks zijn bijzonder omstreden reputatie,
zeker in de nasleep van de kernramp bij Fukushima, voorziet nucleaire energie mo-
menteel nog in meer dan 25% van de elektriciteitsbehoefte van de EU. Zodoende
is het zeer waarschijnlijk dat nucleaire energie een belangrijke rol zal blijven spelen
in de nabije toekomst. Desalniettemin is het essentieel dat er innovatieve nucleaire
technologieën ontwikkeld worden, die de duurzaamheid van nucleaire energie in de
toekomst moeten verbeteren om zo de blijvende steun vanuit de publieke opinie te
verzekeren. Ondanks de wereldwijde inspanningen die geleverd worden op dit vlak,
zullen nucleaire systemen van de vierde generatie (Gen IV), zoals de lood-gekoelde
snelle reactor (LFR), waarschijnlijk niet voor 2030 operationeel zijn. Één van de
belangrijkste beoogde toepassingen voor deze types reactoren, naast de opwekking
van elektriciteit, heeft betrekking tot het beheer van bestaand en toekomstig
nucleair afval. De partitie en transmutatie van langlevende actiniden, in een snelle
reactor, zou de benodigde opslagtijd voor hoog-radioactief afval drastisch kunnen
verminderen tot minder dan 1000 a. Belangrijk in de context van dit werk is het feit
dat de inspanningen die het SCK CEN levert met betrekking tot de ontwikkeling
van zulke innovatieve systemen geconsolideerd zijn in het MYRRHA project.
Van zodra hij operationeel is, zal dezemultifunctionele hybride-onderzoeksreactor
voor innovatieve toepassingen (MYRRHA) dienst doen als bron van protonen en
neutronen voor verscheidene toepassingen, waarbij hij onder meer zal aangewend
worden bij het onderzoek naar brandstoﬀen en structurele materialen voor ge-
avanceerde nucleaire systemen. Hoewel de MYRRHA reactor zelf nog geen Gen IV
kernreactor zal zijn, is hij wel gebaseerd op zware metalen-gekoelde snelle reactor
technologie, waardoor deze onderzoeksreactor zeker zal kunnen bijdragen tot de
ontwikkeling van de LFR en andere Gen IV systemen. Het innovatieve karakter
van de MYRRHA onderzoeksreactor zorgt er wel voor dat er nog een aantal
belangrijke uitdagingen bestaan die dienen overwonnen te worden, onder andere
met betrekking tot de performantie van structurele materialen. Het beoogde
primaire koelmiddel is eutectisch lood-bismut (LBE), dat uit ca. 45wt.% Pb en
ca. 55wt.% Bi bestaat. Ondanks zijn gunstige thermofysische en neutronische
eigenschappen is dit koelmiddel uiterst corrosief ten opzichte van hooggelegeerde
stalen, waardoor er strenge eisen gesteld worden aan de structurele materialen
die zouden aangewend worden. Zodoende werden er drie hooggelegeerde stalen
geselecteerd waarvan verwacht wordt dat ze enigszins zullen bestand zijn tegen
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de corrosieve werking van het LBE (T91, 316L en 15-15Ti). In deze context is
de multi-element sporenanalyse van LBE en hooggelegeerde stalen van belang,
bijvoorbeeld voor de bepaling van spoorelementen die bepalend zijn voor de mecha-
nische eigenschappen van staallegeringen of om de opname van corrosieproducten
door het koelmiddel te monitoren. In beide gevallen zullen de spoorelementen
in kwestie echter slechts op µg g−1 niveau, of lager, aanwezig zijn, waardoor het
gebruik van een uiterst gevoelige analytische techniek essentieel is. Daarbovenop
zal er in de toekomst ook nood zijn aan isotoop-selectieve analytische methoden,
in het kader van het onderzoek dat uitgevoerd zal worden in de MYRRHA reactor,
onder andere naar nieuwe nucleaire brandstoﬀen en naar de transmutatie van
actiniden in nucleair afval. Voor een diepgaander overzicht van de bredere context
en de objectieven van dit werk wordt de lezer verwezen naar Hoofdstuk 1.
Dubbel-focusserende sector-veld inductief gekoppeld plasma-massaspectrometrie
(ICP-SFMS) is een uiterst gevoelige element-selectieve analytische techniek, die de
multi-element mogelijkheden van inductief gekoppeld plasma-optische emissiespec-
trometrie (ICP-OES) combineert met bepalingsgrenzen die zelfs nog lager zijn dan
de reeds uitstekende waarden die geassocieerd worden met graﬁetoven atomaire
absorptiespectrometrie (GFAAS). Daarom is het de techniek bij uitstek voor de
multi-element analyse van een grote verscheidenheid aan monsters, zoals LBE
en hooggelegeerde stalen. Bovenop elementaire concentraties leveren zijn relatief
simpele massaspectra ook een isotopische vingerafdruk, wat de isotopische analyse
van monsters zoals nucleaire brandstoﬀen toelaat. In vergelijking met de wijd-
verspreide quadrupool inductief gekoppeld plasma-massaspectrometers (ICP-QMS)
beschikken ICP-SFMS instrumenten typisch over een hogere gevoeligheid, een
lagere achtergrond en de mogelijkheid om te opereren bij hogere massaresolu-
ties, zodat vele spectrale interferenties kunnen geresolveerd worden. Bijgevolg
zijn detectielimieten tot onder het ngL−1 niveau haalbaar voor vele elementen,
waarbij contaminaties meestal de beperkende factor blijken te zijn. Hoewel vele
van de vaakst voorkomende spectrale interferenties op eenvoudige wijze kun-
nen geresolveerd worden wanneer een ICP-SFMS instrument aangewend wordt,
blijven niet-spectrale interferenties vaak problematisch. De meest eenvoudige en
elegante manier om deze matrixeﬀecten te elimineren bestaat uit het selectief
afscheiden van de matrix, alvorens de spoorelementen te bepalen aan de hand van
ICP-SFMS. Om dit te bewerkstelligen wordt vaak gebruik gemaakt van kolom-
chromatograﬁe, omwille van zijn eenvoud en gebruiksgemak, waarbij meestal
één of een klein aantal spoorelementen weerhouden worden op een zeer selectief
hars terwijl ditzelfde hars geen enkele aﬃniteit vertoont voor de matrixelementen
(of vice versa). Buiten het feit dat ICP-SFMS instrumenten uiterst geschikt
zijn voor multi-element analyses, wordt het gebruik van deze techniek voor iso-
topische analyses gerechtvaardigd door zijn uitstekende isotopen ratio precisie,
in vergelijking met wanneer bijvoorbeeld traditionele ICP-QMS instrumenten
aangewend worden. In het verleden werden voor enkele-collector ICP-SFMS in-
strumenten optimale isotopen ratio precisies van 0.05% RSD gerapporteerd in
de literatuur, wat werd toegeschreven aan de karakteristieke trapeziumvormige
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pieken, met een vlakke top, die typisch verkregen worden bij de laagste massa-
resolutie. Zulke waarden zijn natuurlijk vrij bescheiden in vergelijking met de
≤ 0.01% RSD die op routinematige basis gerapporteerd wordt voor multipele-
collector thermische ionisatie massaspectrometrie (MC-TIMS), maar ICP-SFMS
kan in bepaalde gevallen nog steeds geschikt gevonden worden, bijvoorbeeld
door een verminderde nood aan tijdrovende en arbeidsintensieve monstervoor-
bereidingsprocedures. Voor een gedetailleerd overzicht van de sterktes, zwaktes
en basisprincipes van ICP-SFMS wordt de lezer verwezen naar Hoofdstuk 2.
Het enkele-collector ICP-SFMS instrument dat gebruikt werd doorheen dit
werk is een genucleariseerde Element2 (Thermo Scientiﬁc, Duitsland). Bij een
genucleariseerde ICP-MS wordt het instrument gekoppeld aan een handschoenkast,
waarin alle componenten tot en met de interface ondergebracht worden, en waarin
een lichte onderdruk heerst, wat de analyse van radioactieve monsters toelaat.
Een beperkt aantal monsters werd ook geanalyseerd met behulp van een XSeries2
(Thermo Scientiﬁc, Duitsland) ICP-QMS instrument, zodat de prestaties van
deze instrumenten vergeleken konden worden. Voor beide toestellen worden de
typische instrumentele en data acquisitie parameters beschreven in Hoofdstuk 3.
Datzelfde hoofdstuk bevat ook een overzicht van het labomateriaal en de reagentia
die doorheen dit werk aangewend werden bij de gebruikte monstervoorbereidings-
procedures alsook bij de bereiding van blanco’s, standaarden en eluenten.
De ontwikkeling en toepassing van een analytische methode die de multi-
element analyse van hooggelegeerde stalen zoals T91, 3165L en 15-15Ti toelaat
werd beschreven in Hoofdstuk 4. De voornaamste matrixelementen die in deze
stalen verwacht werden waren Cr, Fe en Ni naast kleinere hoeveelheden Si, V,
Mn, Co, Cu and Mo. De lijst van potentieel interessante spoorelementen die
daaropvolgend werd samengesteld omvatte op zijn beurt B, Al, P, S, Ti, As,
Zr, Nb, Ta en W. Deze elementen dienden bepaald te worden op sporen- of
ultra-sporenniveau in de aanwezigheid van een grote overmaat van de matrixele-
menten. Om niet enkel spectrale en niet-spectrale interferenties, die vaak gepaard
gaan met ICP-MS analyses, te elimineren, maar ook om uitgesproken geheugen-
eﬀecten te vermijden, werd een zeer selectieve scheidingsprocedure ontwikkeld
en toegepast. In het ideale geval had deze procedure moeten toelaten om de
te bepalen spoorelementen te isoleren van al de matrixelementen, maar op zijn
minst had het mogelijk moeten zijn om de drie voornaamste matrixelementen
Cr, Fe en Ni af te scheiden. Hiertoe werd een snelle en eﬃciënte kolomchro-
matograﬁsche scheidingsprocedure bedacht, gebaseerd op het gebruik van AG
50Wx8 kationenuitwisselingshars. In dit protocol worden niet enkel Cr, Fe en
Ni, maar ook een aantal van de minder belangrijke matrixelementen, selectief
weerhouden op de kationenwisselaar, vanuit een verdund HNO3/HF medium,
terwijl de spoorelementen slechts een beperkte aﬃniteit voor het hars vertonen en
snel elueren. In het geval van Fe en Ni is de afscheidingseﬃciëntie > 99.9%, terwijl
ze voor Cr beperkt is tot > 90%. In het algemeen, voor de drie hooggelegeerde
stalen in kwestie, bleek het meestal mogelijk om > 97.5% van de gehele matrix
162 Chapter 8. Samenvatting
af te scheiden van de spoorelementen. In een later stadium bleek dat deze me-
thode niet enkel toegepast kon worden voor de bepaling van B, Al, P, S, Ti, As,
Zr, Nb, Ta and W in hooggelegeerde stalen, maar dat ze ook de sporenanalyse
van Be, Ge, Se, Rh, Pd, Sn, Sb, Hf, Re, Ir in Pt in zulke stalen toeliet.
De procedure die ontwikkeld werd voor de bepaling van spoorelementen in
hooggelegeerde stalen werd gevalideerd aan de hand van de analyse van (i) gecerti-
ﬁceerde referentie materialen (CRM), (ii) gespikete imitatiemonsters en (iii) echte
stalen. Bij de analyse van drie verschillende CRM’s was er over het algemeen
een goede overeenstemming tussen de experimenteel bepaalde concentraties en de
overeenkomstige gecertiﬁceerde waarden, terwijl de terugvinding meestal ongeveer
100% bedroeg bij de analyse van gespikete imitatiemonsters. De procedurele bepa-
lingsgrenzen (QL, 10s) werden bepaald door de analyse van verschillende onafhanke-
lijk procedurele blanco’s, waarbij optimale waarden tot in het lage ng g−1 niveau
verkregen werden voor onder meer Re en Hf. Uiteindelijk werd de procedure ook
toegepast op monsters van echte hooggelegeerde stalen, die verkregen werden vanuit
het SCK CEN, waarbij de aanwezigheid van de meeste spoorelementen kon aange-
toond worden in ten minste één van de beschikbare monsters, met uitzondering
van Be, S, Se, Hf en Ir. Het protocol dat hierboven beschreven werd, werd speciﬁek
ontwikkeld voor de multi-element sporenanalyse van T91, 316L en 15-15Ti lege-
ringen, hooggelegeerde stalen die voornamelijk samengesteld zijn uit Cr, Fe en Ni.
Het is echter voor de hand liggend dat dit protocol breder toepasbaar zou kunnen
zijn, bijvoorbeeld voor de analyse van andere legeringen of ijzermeteorieten.
Terwijl in Hoofdstuk 4 een analytische methode werd beschreven voor de multi-
element sporenanalyse van hooggelegeerde stalen zoals T91, 316L en 15-15Ti,
werd een soortgelijke methode voor de multi-element sporenanalyse van LBE
besproken in Hoofdstuk 5. Dit LBE is het beoogde koelmiddel voor de MYRRHA
onderzoeksreactor, dat in direct fysiek contact zal komen met bovengenoemde
hooggelegeerde stalen. Voor dit type monster werd een aparte lijst van mogelijk
interessante spoorelementen samengesteld, bestaande uit Ti, V, Cr, Mn, Fe, Co,
Ni, Cu, Nb, Mo, Ag, Cd, Te, Ce, Re, Tl, Th en U, waarin onder meer een aantal
te verwachten corrosieproducten omvat zitten. Net zoals bij hooggelegeerde stalen
wordt de analyse van LBE monster gehinderd door het voorkomen van spectrale
en niet-spectrale interferenties. Echter, in vergelijking met staallegeringen, bezit
LBE een vrij eenvoudige matrix, die voornamelijk uit Pb en Bi bestaat. Derhalve
is het voorkomen van matrix-geïnduceerde spectrale interferenties voorspelbaarder
en daarom ook minder problematisch. Desondanks zou de accurate bepaling van
spoorelementen nog steeds gehinderd kunnen worden door niet-spectrale interferen-
ties. Zodoende werd het nodig geacht om opgeloste LBE monsters te onderwerpen
aan een scheidingsprocedure, om de problematische matrix te elimineren alvorens
de spoorelementen te bepalen aan de hand van ICP-SFMS. Hoewel in dit geval
slechts twee matrix elementen dienden geïsoleerd te worden bleek dit in eerste
instantie minder eenvoudig dan bij de hooggelegeerde stalen, aangezien geen enkel
hars geïdentiﬁceerd kon worden dat zowel Pb als Bi selectief had kunnen afschei-
den, van de spoorelementen, in een verdund HNO3/HF medium. Daarom werden
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twee verschillende harsen geselecteerd, die elk op zich in staat waren om ofwel
Pb ofwel Bi te weerhouden, terwijl ze slechts een beperkte aﬃniteit vertoonden
voor de spoorelementen. In de geoptimaliseerde kolomchromatograﬁsche schei-
dingsprocedure worden twee kolommen in tandem gebruikt, waarbij één kolom
van 2mL, die beladen is met extractiechromatograﬁsch Pb Spec hars, geplaatst
wordt boven een tweede kolom van 5mL, die op zijn beurt beladen is met AG
1x4 anionenuitwisselingshars. Het matrixelement Pb wordt weerhouden op het Pb
Spec hars terwijl het andere matrix element Bi een grote aﬃniteit vertoont voor
het AG 1x4 hars. De meeste spoorelementen, op hun beurt, vertonen slechts een
beperkte aﬃniteit voor beide harsen en elueren snel. Bijgevolg kan meer dan 99%
van de LBE matrix afgescheiden worden van de te bepalen spoorelementen. Het
spoorelement Re vertoont een aﬃniteit voor beide harsen en belandt mede daarom
in twee verschillende fracties, maar kan desalniettemin geïsoleerd worden van de
matrix. Daarbovenop vertonen ook Ag en Tl een aﬃniteit voor het Pb Spec hars,
maar deze elementen konden eveneens afgescheiden worden van de LBE matrix.
Het geoptimaliseerde protocol voor de multi-element sporenanalyse van LBE
monsters werd gevalideerd aan de hand van de analyse van (i) Pb-matrix CRM’s,
(ii) gespikete imitatiemonsters en (iii) echte LBE monsters. Procedurele bepalings-
grenzen (QL, 10s), gaande van lage ng g−1 niveaus voor Th tot sub-µg g−1 niveaus
voor Fe, werden bepaald aan de hand van de analyse van verschillende onafhanke-
lijk procedurele blanco’s. Voor de elementen waarvan de concentratie in de twee
Pb-matrix CRM’s gecertiﬁceerd was, werd over het algemeen een goede overeen-
stemming vastgesteld met de overeenkomstige experimenteel bepaalde waarden
(meer bepaald voor Ni, Cu, Ag, Cd, Te, Tl en Bi). Het enige echt problematische
spoorelement was Te, waarvoor de experimenteel bepaalde concentratie ongeveer
−70% afweek van de gecertiﬁceerde waarde. De auteur gaat ervan uit dat het
probleem mogelijk terug te traceren valt tot bij de oplosprocedure, maar dat het
tegelijk onwaarschijnlijk is dat de kolomchromatograﬁsche scheidingsprocedure
aan de bron van deze afwijking ligt, omdat dit probleem niet waargenomen werd
bij de analyse van gespikete imitatiemonsters. Voor de meeste elementen was
de terugvinding bij de analyse van gespikete imitatiemonsters ongeveer 100%,
hoewel er een signiﬁcante afwijking vastgesteld werd in het geval van Fe. Dit
afwijkende resultaat kan echter verklaard worden door het feit dat de “zuivere” Pb
en Bi poeders, die gebruikt werden om de imitatiemonsters te bereiden, relatief
grote hoeveelheden Fe bleken te bevatten, dat bovendien heterogeen verdeeld
leek te zijn. Daarbovenop was de procedurele bepalingsgrens voor Fe relatief
hoog in vergelijking met die van de andere spoorelementen, omdat dit element
bijzonder vatbaar is voor contaminaties. De analytische methode werd vervolgens
toegepast op vijf monsters van eenzelfde batch LBE, een batch waarvan elders
op het SCK CEN ook een aantal monsters geanalyseerd werden met behulp van
neutronen activeringsanalyse (NAA). Voor de meeste elementen was er een goede
overeenstemming tussen de concentraties die bepaald werden met beide technieken,
behalve voor Cr. Sommige van de spoorelementen (Ni, Cd en Tl) leken homogener
verdeeld te zijn over de batch LBE dan andere (Cu, Ag end Te). Bovendien werd
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een correlatie teruggevonden tussen de concentraties van Cu en Ag, in de monsters
die werden genomen van deze batch LBE. Een aantal van de geselecteerde spoorele-
menten fungeerden eigenlijk als chemische analogen voor mogelijk interessante
radionucliden, maar het valt nog af te wachten in hoeverre hun gedrag in de
realiteit gelijklopend zal zijn. In de literatuur zijn gegevens beschikbaar voor
AG 1x10 anionenuitwisselingshars en Sr Spec extractiechromatograﬁsch hars, de
laatstgenoemde lijkend op Pb Spec hars, dewelke suggereren dat Re inderdaad zou
kunnen fungeren als chemisch analoog voor Tc doorheen de scheidingsprocedure.
Daartegenover staat dat dit waarschijnlijk niet het geval zal zijn voor Te en Po
of Ce en Pu, waardoor het noodzakelijk zal zijn om bestraalde LBE monsters
te onderwerpen aan de ontwikkelde analytische methode, voornamelijk om het
gedrag van 210Po doorheen de scheiding te veriﬁëren (wat gevormd wordt als
gevolg van neutronenvangst door 209Bi). De procedure die beschreven werd in
Hoofdstuk 5 werd in het bijzonder ontwikkeld voor de analyse van LBE monsters
afkomstig van onderzoeksprojecten die verband houden met de ontwikkeling van
de MYRRHA onderzoeksreactor bij SCK CEN. Sommige andere geavanceerde
nucleaire systemen zullen mogelijk gebruik maken van andere vloeibare zware
metalen als primair koelmiddel, zoals de LFR waarbij het gebruik van zuiver Pb
wordt beoogd. De multi-element sporenanalyse van Pb stalen afkomstig van zo’n
reactor, aan de hand van ICP-SFMS, zal eveneens gehinderd worden door het
voorkomen van niet-spectrale interferenties, hoewel er in dat geval slechts één in
plaats van twee matrix elementen zou aanwezig zijn. Bijgevolg zou het protocol dat
hierboven beschreven werd sterk vereenvoudigd kunnen worden, omdat enkel het
Pb Spec extractiechromatograﬁsch hars dan nog van belang zou zijn, waardoor er
noch nood is aan het gebruik van verschillende eluenten, noch aan de tweede kolom,
die in het bestaande protocol beladen wordt met AG 1x4 anionenuitwisselingshars.
De hierboven beschreven procedure werd tenslotte toegepast op een aantal echte
LBE stalen, afkomstig van experimenten die uitgevoerd werden op het SCK CEN
in het kader van het onderzoek naar de corrosieve aard van LBE ten opzichte
van hooggelegeerde stalen in geavanceerde nucleaire systemen zoals de MYRRHA
reactor. In deze monsters konden een aantal inherente onzuiverheden en cor-
rosieproducten geïdentiﬁceerd worden, waarvoor de lezer verwezen wordt naar de
bespreking in Appendix 5.5.1. Een aantal van deze stalen werd ook geanalyseerd
aan de hand van ICP-QMS, waarbij verdunningen aangewend werden om de
invloed van niet-spectrale interferenties te verminderen, in plaats van een kolom-
chromatograﬁsche scheiding toe te passen. Over het algemeen was er een goede
overeenstemming tussen de resultaten die verkregen werden met beide technieken,
hoewel de bepalingsgrenzen die haalbaar waren met het ICP-QMS instrument
vanzelfsprekend slechter waren. Een aantal andere monsters werd ook geanaly-
seerd aan de hand van NAA op het SCK CEN, waarvan de resultaten beschikbaar
werden gemaakt aan de auteur. In dit geval was het verschil in bepalingsgrenzen
duidelijk minder groot, hoewel diegene die haalbaar waren met ICP-SFMS meestal,
op zen minst, vergelijkbaar waren met diegene die gerapporteerd werden voor NAA.
Over het algemeen was er ook hier goede overeenstemming tussen de resultaten
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die behaald werden met beide technieken (wederom met uitzondering van Cr). Bij
een monster van een batch LBE die in langdurig contact met 316L hooggelegeerd
staal had gestaan, werd een sterke toename van de Ni concentratie vastgesteld,
wat in overeenstemming is met de selectieve dissolutie van Ni door LBE die in het
verleden reeds gerapporteerd werd. Daarenboven werd ook een daling van de Cd
concentratie vastgesteld, maar hier kon geen eenvoudig mechanisme voor geïdenti-
ﬁceerd worden. Hoewel deze monsters ook geanalyseerd zullen worden aan de hand
van NAA op het SCK CEN, waren deze resultaten nog niet beschikbaar ten tijde
van dit schrijven, waardoor dit resultaat niet onafhankelijk bevestigd kon worden.
Tenslotte werden in Hoofdstuk 6 de mogelijkheden van SCK CEN’s genu-
cleariseerde Element2 ICP-SFMS met betrekking tot de bepaling van isotopen
ratio’s onderzocht. De isotopische analyse van experimentele of commerciële
kernbrandstoﬀen vindt al op routinematige basis plaats bij SCK CEN, in het
kader van burnup programma’s of voor de kwaliﬁcatie van nieuwe brandstoﬀen,
bijvoorbeeld aan de hand van een verouderd Sector 54 MC-TIMS instrument. In
deze context is de isotopische analyse van bepaalde lanthaniden van bijzonder
groot belang, waardoor vooral deze elementen beschouwd werden in dat hoofdstuk
(meer bepaald Nd, Sm, Eu, Gd, Dy). Hoewel MC-TIMS instrumenten in staat
zijn om op een routinematige basis een superieure isotopen ratio precisie van
≤ 0.01% RSD te leveren, in vergelijking met de meer bescheiden isotopen ratio
precisies van ≤ 0.05% die in het verleden werden gerapporteerd voor ICP-SFMS
instrumenten, zou de Element2 nog steeds geschikt kunnen blijken in bepaalde
gevallen, bijvoorbeeld als gevolg van zijn hogere gevoeligheid of door een vermin-
derde nood aan arbeidsintensieve en tijdrovende staalvoorbereidingsprocedures. In
dit kader werden een aantal van de belangrijkste aandachtspunten met betrekking
tot de bepaling van isotopen ratio’s aan de hand van ICP-SFMS onderzocht.
De belangrijkste aspecten die werden onderzocht, waren (i) de correctie voor
dode tijd-geïnduceerde telverliezen, (ii) de correctie voor massadiscriminatie-
eﬀecten en (iii) de haalbare interne precisie. De dode tijd van de detector
werd bepaald aan de hand van een licht aangepaste versie van de procedure
die beschreven werd door Appelblad en Baxter, dewelke een eenduidige waarde
voor τ oplevert samen met een schatting van de bijhorende gecombineerde onzeker-
heid uc (τ). Tegelijkertijd wordt er rekening gehouden met massadiscriminatie,
terwijl de waarde van het echte isotopen ratio eigenlijk niet gekend hoeft te zijn
om τ te bepalen. Een aantal auteurs hebben gerapporteerd dat de dode tijd kan
veranderen doorheen de levensloop van een detector, hoewel er in dit geval geen
signiﬁcante verandering in τ kon vastgesteld worden over een periode van ongeveer
tien weken, bij meer dan één verschillende SEM spanning. Andere auteurs maakten
dan weer melding van het feit dat de dode tijd massa-afhankelijk is voor sommige
types detectoren. Wederom kon dit fenomeen niet waargenomen worden bij de
detector van SCK CEN’s Element2, hoewel de twee elementen die beschouwd
werden, Ba en Lu, niet sterk van elkaar verschilden op vlak van massa. Bijgevolg
werd één enkele dode tijd van 12 ns gebruikt in alle hierop volgende werk, een
waarde die bepaald werd aan de hand van metingen van het 137Ba/138Ba ratio.
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Het beschouwde isotopen ratio is signiﬁcant verschillend van één, hoewel het niet
te extreem is, zodat de isotopen ratio metingen nog steeds gepaard gaan met een
goede interne precisie. Tenslotte zijn er ook een aantal auteurs die het voorkomen
van “sag” waargenomen hebben, wat bijkomende telverliezen veroorzaakt, maar
ook dit fenomeen kon niet geobserveerd worden, bij signaalintensiteiten tot en
met 3 200 000 counts s−1. De correctie voor massadiscriminatie-eﬀecten is helaas
moeilijker voor enkele-collector ICP-SFMS instrumenten zoals de Element2 dan
voor ICP-QMS of MC-ICP-SFMS instrumenten, omdat de massadiscriminatie
correctiefactor niet goed genoeg gekarakteriseerd kan worden aan de hand van de
vaakst gebruikte correctievergelijkingen, waardoor interne correctieprocedures niet
aangewend kunnen worden. Quétel et al. schreven dit afwijkend gedrag toe aan
het feit dat de versnellingspotentiaal van de Element2 verlaagd moet worden om
een snelle massascan te kunnen uitvoeren, terwijl de rustmassa van de magnetische
sector constant blijft. Bijgevolg dienen externe correctieprocedures aangewend
te worden, in plaats van interne, waarbij isotopische standaarden en monsters
afwisselend gemeten worden. Als hetzelfde isotopen ratio beschouwd wordt in
de monsters als in de standaarden, dienen de bovengenoemde correctievergeli-
jkingen niet gebruikt te worden. In dit geval is de staalvoorbereiding echter van
groter belang, omdat er matrix-geïnduceerde massadiscriminatie-eﬀecten kunnen
optreden. Bovendien moeten er geschikte isotopische referentiematerialen beschik-
baar zijn. Daarenboven is het essentieel dat de massadiscriminatie min of meer
constant blijft tussen de metingen van de standaarden en de monsters. Voor
eenvoudige standaardoplossingen bleek dat de massadiscriminatie relatief constant
blijft gedurende reeksen van metingen die gespreid worden over een periode van
ongeveer 3 h. Daarbovenop bleek dat de massadiscriminatie onafhankelijk was van
de spoorelementconcentratie over het gebied dat bestudeerd werd. De optimale
interne precisie, die gedeﬁnieerd werd als een relatieve standaarddeviatie op een
aantal herhaalde metingen, die samen één enkele analyse vormen, was gemiddeld
ongeveer 0.04% RSD. Zulke waarden werden bekomen voor een isotopen ratio van
ongeveer 0.74, met een signaalintensiteit van ongeveer 1 000 000 counts s−1 voor
de meest abundante nuclide en een integratie tijd van ongeveer 30 s voor beide
isotopen. Indien aangenomen wordt dat de totale aantal tellen voor beide isotopen
onafhankelijk Poisson-verdeeld zijn, kan aangetoond worden dat de ondergrens
voor de interne precisie iets minder dan 0.03% RSD bedraagt. Bijgevolg bleek
Poisson-telstatistiek de grootste bron van onzekerheid te zijn, een bron waarvan
de bijdrage nooit volledig geëlimineerd kan worden. Het werd ook aangetoond
dat de geobserveerde interne precisie eenzelfde trend vertoont als diegene die
theoretisch voorspeld wordt door Poisson-telstatistiek, bij variaties in de waarde
van het isotopen ratio, de integratietijden en de signaalintensiteiten. Twee maal
de theoretisch voorspelde isotopen ratio precisie kon daarom beschouwd worden
als een conservatieve maar realistische schatting van de interne precisie die experi-
menteel haalbaar is, wanneer twee verschillende isotopen ratio’s bepaald werden
in dezelfde meting. De optimale interne precisie van ongeveer 0.04% RSD, die
haalbaar bleek te zijn met de Element2 ICP-SFMS, is echter niet vergelijkbaar
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met de optimale isotopen ratio precisie van 0.005% RSD die in het verleden
verkregen werd met SCK CEN’s Sector 54 MC-TIMS instrument. Om zulke
waarde te kunnen bekomen moet het MC-TIMS instrument echter gebruik maken
van zijn statische multipele-collector modus, dewelke op het SCK CEN enkel voor
Nd aangewend wordt. Voor elementen waarbij de TIMS metingen uitgevoerd
worden in de zogenaamde “peak-hopping mode”, met één enkele Daly detector,
in plaats van een reeks minder gevoelige Faraday collectoren, is het echter wel
mogelijk dat de Element2 in staat zou kunnen zijn om een betere isotopen ra-
tio precisie te leveren. Aangezien dit werk slechts een beperkte verkennende
studie omvatte, zal het echter nodig zijn om bijkomende experimenten uit te
voeren, om te kunnen aantonen of enkele-collector ICP-SFMS al dan niet geschikt
is voor de bepaling van isotopen ratio’s in een routine setting bij SCK CEN.
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